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ABSTRACT
Two s tu d ie s  were conducted involving response s p e c i f i c i t y  with 
the chemical mutagen ethyl  methanesulfonate  (EMS). The r e s u l t s  o f  my 
in v e s t ig a t io n s  in to  response s p e c i f i c i t y  with EMS involving the e f f e c t  
o f  gene p o s i t i o n  upon observed mutat ional  spec t ra  in  Drosophila melano- 
g a s t e r  have been published  in  Mutation Research, volume 21, pages 
327-333. EMS-induced mutat ions  involving the  yel low locus o f  Drosophila 
were s tu d ied .  The in t r ag e n ic  mutation frequency was the  same, both 
when the  yel low locus was ad jac en t  to  euchromatin in  i t s  normal p o s i t io n  
on the l e f t  end of  the  X chromosome and when i t  was ad jacen t  to c o n s t i ­
t u t i v e  heterochromat in on the  Y chromosome. The t o t a l  mutat ion f r e ­
quency, however, was t h re e - f o ld  higher  when the  yel low locus was p o s i ­
tioned a d ja c e n t  to  c o n s t i t u t i v e  heterochromatin .  Resu l ts  show t h a t  an 
add i t iona l  c l a s s  o f  mutat ions  r e s u l t i n g  from chromosome breakage 
accounts  f o r  the  increased  muta t ional frequency when the  yellow locus 
i s  ad jacen t  to  heterochromatin .
A s tudy of  d i f f e r e n t i a l  s e n s i t i v i t y  to  EMS a l k y l a t i o n  during 
spermatogenesis  1n the  honeybee, Apis m e l l i f e r a , was i n i t i a t e d  to d e t e r ­
mine the  s ta g e ( s )  of  sperm c e l l  development where the DNA 1s most 
s e n s i t i v e  to EMS a l k y l a t i o n .  The honeybee was chosen as the  exper i ­
mental organism fo r  t h i s  study because spermatogenesis  in  the male 
honeybee i s  de te rm ina te .  During pupal development the  germ c e l l s  in a
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drone t e s t i s  a l l  go through success ive  s tages  o f  spermatogenesis  in an 
almost synchronous f a sh io n .  At l e a s t  10 m i l l io n  c e l l s  uniformly in 
e i t h e r  p rem eio t ic ,  m e io t i c ,  immediately p os tm eio t ic ,  spermatid ,  o r  
mature sperm s tages  can be obta ined  from a s in g le  drone honeybee.
Drone honeybees were in j e c te d  with rad io la b e led  EMS during 
var ious  s tages  o f  sperm development. At timed i n t e r v a l s  a f t e r  i n j e c ­
t ion  the  t e s t e s  were removed from the  drone pupae v ia  d i s s e c t i o n ,  and 
mature sperm samples were c o l l e c t e d  by e j a c u l a t i n g  a d u l t  drones . DNA 
from th ese  germ c e l l  samples was i s o l a t e d  by phenolic  e x t r a c t i o n ,  
q u a n t i t a t e d  sp ec t ro p h o to m e t r ic a l ly  and then counted in  a l iq u id  s c in ­
t i l l a t i o n  spec t rom eter .  The level  of  a lk y l a t i o n s  per  u n i t  DNA a t  
var ious  times a f t e r  i n j e c t i o n  was c a lc u la t e d  f o r  honeybee germ c e l l s  
t r e a t e d  a t  p rem e io t ic ,  m e io t i c ,  immediately pos tm eio t ic ,  spermatid ,  
and mature sperm s tages  o f  development.
The number o f  a lk y l a t i o n s  per  n u c leo t ide  f o r  the mature sperm 
s tage  sampled through a 72 hour per iod a f t e r  i n j e c t i o n  was a t  l e a s t  two 
o rders  o f  magnitude lower than the  o th e r  s tages  sampled during t h i s  
i n t e r v a l .  These r e s u l t s  i n d i c a t e  t h a t  DNA in  the mature sperm c e l l s  is  
le s s  s u s c e p t ib l e  to  a l k y l a t i o n  by EMS than the  DNA in  o th e r  s tages  of  
spermatogonial development.  At 2 hours a f t e r  i n j e c t i o n ,  the  imme­
d i a t e l y  postmeiot ic  and spermatid s tage s  exh ib i ted  s i g n i f i c a n t l y  
higher mean a lk y la t i o n s  per  n u c leo t id e  than  the  premeio tic  s tage .  The 
immediately pos tmeio t ic  s tage  was a l s o  s i g n i f i c a n t l y  higher  than the  
meiot ic s tag e  sampled a t  t h i s  timed i n t e r v a l .  Thus, the immediately 
postmeiotic  s ta g e  i s  most s e n s i t i v e  to the  i n i t i a l  EMS a lk y la t i o n .
A s i g n i f i c a n t  decrease  in th e  I n i t i a l  two hour a lk y la t io n  per 
nuc leo t ide  level  occurred through 72 hours a f t e r  i n j e c t i o n  with samples 
obtained from those  in d iv id u a l s  t r e a t e d  in  the immediately postmeiotic  
and spermatid s tages  but  not  with  samples obta ined  from in d iv id u a ls  
t r e a t e d  in the premeiotic and mature sperm s tages .  These r e s u l t s  i n d i ­
c a t e  t h a t  lo ss  o f  a lk y la te d  groups on the  DNA molecule through time 
a f t e r  i n i t i a l  a lk y l a t i o n  occurs p r im ar i ly  during the  spermeiogenic 
per iod .  Such loss  probably r e s u l t e d  from a d i r e c t  r e a c t io n  of  the DNA 
molecule to a lk y l a t i o n  by EMS o r  from an i n d i r e c t  e f f e c t  of  EMS-induced 
a l t e r a t i o n s  in the c e l l s '  metabolism. Other p oss ib le  causes f o r  these  
lo sses  and the  observed d i f f e r e n c e s  in  s tag e  dependent l e v e l s  of  
i n i t i a l  a lk y la t io n  a r e  cons idered .
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RESPONSE SPECIFICITY WITH ETHYL 
METHANESULFONATE (EMS): BACKGROUND
S p e c i f i c i t y  o f  response has been demonstrated with v i r t u a l l y  
every mutagenic agen t  known. Even with such pervasive mutagens as 
ion iz ing  r a d i a t i o n s , q u a n t i t a t i v e  d i f f e ren c e s  in  genet ic  damage have 
been observed when d i f f e r e n t  c e l l  types ,  c e l l  s t a g e s ,  chromosome 
regions  and spec ies  were t r e a t e d ,  as well as when environmental con­
d i t i o n s  dur ing t rea tm en t  were var ied (Hollaender ,  1954; Sobels ,  1963; 
Drake, 1970). Widely d i f f e r i n g  genet ic  e f f e c t s  have also  occurred 
in  the  t rea tm en t  o f  d i f f e r e n t  c e l l  types ,  c e l l  s tag e s ,  sexes,  s t r a i n s  
and species  with the  same as  well as  d i f f e r e n t  chemical mutagens 
(F ishbe in ,  Flamm and Falk ,  1970; Hollaender ,  1971; Loveless ,  1966).
In c o n t r a s t  to the  p r im ar i ly  q u a n t i t a t i v e  d i f f e re n c e s  o f  
response s p e c i f i c i t y  with ioniz ing r a d i a t i o n ,  where a l l  types o f  
g en e t ica l  damage occur in a l l  types o f  c e l l s ,  d i f fe ren ces  observed 
with  chemical mutagens a re  much more q u a l i t a t i v e .  The mutagenic 
a c t i o n  o f  formaldehyde in  Drosophila,  f o r  example, has been shown to 
be s p e c i f i c  f o r  only one s tage  in  the c e l l  cyc le  of  one type o f  ce l l  
i n  the gonads o f  one sex a t  one s tage in the  l i f e  cyc le  (Auerbach, 
1971). Chemical mutagens o f ten  d i f f e r  from each o th e r  in the muta­
t iona l  spec t ra  they produce when appl ied  to the same organism; a l s o ,
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a chemical mutagen may vary in  i t s  s p e c i f i c i t y  o f  response from o rga ­
nism to organism, producing p r im a r i ly  one c l a s s  o f  mutations in one 
organism, a d i f f e r e n t  c l a s s  in  another  organism and no mutations in 
y e t  ano ther .  Q u an t i t a t iv e  o r  q u a l i t a t i v e  v a r i a t i o n  in a mutat ional  
spectrum may even be observed when the  e f f e c t s  o f  a sp e c i f i c  chemical 
mutagen upon d i f f e r e n t  chromosomes o r  chromosome regions o f  an o rga ­
nism a r e  analyzed.  And f i n a l l y ,  perhaps one of  the most genera l ized  
forms o f  response s p e c i f i c i t y  obta ined  with the  chemical mutagens i s  
a c o n t ra s t in g  mutat ional  e f f e c t iv e n e s s  upon the  d i f f e r e n t  s tages  o f  
spermatogenesis  wi th in  a s in g l e  sp ec ie s .  For a general review o f  
chemical mutagenesis and s p e c i f i c  examples o f  response s p e c i f i c i t y  
see  F ishbein ,  Flamm and Falk,  1970; Hol laender ,  1971; Vogel and 
Rohrborn, 1970.
Many d i f f e r e n t  types o f  response s p e c i f i c i t i e s  have been r e ­
ported 1n the l i t e r a t u r e  p e r ta in in g  to mutagenic s tud ies  with 
a lk y l a t i n g  agen ts .  A r e l a t i v e  shor tage  o f  chromosome rearrangements 
as compared with gene mutat ions  i s  c h a r a c t e r i s t i c  of  the mutat ional  
spectrums produced by a lk y l a t i n g  agents  (Auerbach, 1971). Differences  
in  the  e f f e c t iv e n e s s  of  mustard gas in  producing mutations in  d i f f e r ­
en t  s t r a i n s  o f  Drosophila have been noted and a t t r i b u t e d  to  s t r a i n  
dependent p e n e t r a b i l i t y  (Loveless ,  1966). Both mustard gas and n i t r o ­
gen mustard show chromosome response s p e c i f i c i t y ,  producing l e t h a l s  
on the  second chromosome of  Drosophila four  to  f i v e  times as f req u en t ly  
as l e t h a l s  on the  X chromosome (Auerbach, 1949).
Urethane is  a spec ies  s p e c i f i c  mutagen which produces t r a n s ­
lo c a t io n s  in p l a n t s ,  l e t h a l s  and v i s i b l e  mutat ions in  Drosophila,  but
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no mutagenic e f f e c t  on Neurospora (Auerbach, 1967). A d i f f e r e n c e  in 
the  r a t i o s  o f  t r a n s lo c a t io n s  to  r e c e s s iv e  l e t h a l s  in  Drosophila pro­
duced by monofunctional vs.  po lyfunc tional  a lk y la t in g  agents  i s  an 
example o f  v a r i a t io n  in the muta t ional spectrums observed with d i f f e r ­
en t  chemical mutagens. Numerous cases  o f  c e l l  s tag e  response s p e c i ­
f i c i t y  have a l so  been observed with a lk y la t in g  a g e n ts .  For example, 
ch loroethyl  methanesulfonate  i s  h ighly mutagenic in  premeiotic germ 
c e l l  s tages  o f  Drosophila,  producing twice as many completes as 
mosaics.  In the postmeiotic  s tag e  i t s  mutagenic e f f e c t s  a r e  de­
c r e a se d ,b u t  th e re  a r e  twice as  many mosaics as completes de tec ted  
(Mathew, 1964). Other  examples o f  s tage  s p e c i f i c  mutagens inc lude  
mustard gas and t r i e t h y l e n e  melamine which, l i k e  chloroe thyl  methane­
s u l f o n a t e ,  a r e  p r im ar i ly  a c t i v e  in spermatogonial s tag e s ;  e thy lene-  
imine and myleran a r e  most e f f e c t i v e  upon sperm and spermatids;  and 
methyl methanesulfonate  i s  four  t imes as mutagenic in pos tmeiot ic  as 
premeiotic  s tages  causing v i r t u a l l y  complete s t e r i l i t y  when app l ied  
to spermatocytes  (Bateman and Chandley, 1964).
To c o r r e c t l y  i n t e r p r e t  the  r e s u l t s  o f  experiments in muta­
genes is ,  the  i n v e s t ig a to r  must be aware o f  p oss ib le  d i f f e r e n c e s  in 
response s p e c i f i c i t y  and understand,  as f u l l y  as  p o s s ib le ,  the  causa­
t i v e  f a c t o r s  involved in producing these  d i f f e r e n c e s .  Id ea l ly  t h i s  
would r e q u i r e  id e n t i fy in g  the mechanism of  ac t io n  by which each muta­
gen produces a s t a b l e  a l t e r a t i o n  in  the DNA molecule,  the na tu re  o f  
th ese  a l t e r a t i o n s , a n d  any modifying f a c t o r s  s p e c i f i c  to the c e l l  type 
e x i s t e n t  e i t h e r  before  or  a f t e r  the mutagen-DNA i n t e r a c t io n  (Auerbach, 
1971, 1967).
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In id e n t i fy in g  some o f  the cau sa t iv e  f a c t o r s  leading  to  s p e c i ­
f i c i t y  o f  response with  chemical mutagens, one may choose to  envisage 
the  ex is tence  o f  a simple and e s s e n t i a l l y  chemical type of  r e a c t io n  
between the  mutagen and the DNA s u s c e p t ib l e  to  i d e n t i f i c a t i o n  by 
d i r e c t  r e a c t io n  experiments in  v i t r o . In a d d i t i o n ,  a t t e n t i o n  may be 
focused upon the  importance o f  conformational changes in  the DNA which 
in f luence  the e f f e c t i v e  mutagen-DNA r e a c t io n  w i th in  an organism or  
p a r t i c u l a r  s tage  o f  an organism sub jec ted  to  mutagenic t rea tm en t .  And 
f i n a l l y ,  those consequences o f  the  mutagen-DNA r e a c t io n  which a r e  de­
pendent upon a s e r i e s  o f  c e l l u l a r  metabol ic  a c t i v i t i e s  f o r  express ion  
must be considered (Loprieno, 1971).
Such complete a n a ly s i s  o f  the r e a c t io n  each mutagen has with 
every c e l l  type would be impossible .  However, before  ex t r a p o la t in g  
mutagenic data  from Drosophila to man or even mouse to man, those 
f a c t o r s  which can in te rvene  between a chemical mutagen 's  reac t io n  
with and express ion  in  a l iv in g  organism, including those  leading to 
s p e c i f i c i t y  o f  a c t io n  by the mutagenic subs tance ,  must be c l e a r l y  de­
f in ed  and c h a ra c te r iz e d .  I t  i s  with th e se  goals  in mind th a t  the  
a lk y l a t i n g  agen ts ,  the  l a r g e s t  c l a s s  o f  p o ten t ia l  mutagens p re sen t  in  
man's environment (F ishbein ,  Flamm and Falk ,  1970), a r e  being sub­
j e c t e d  to  in te n s iv e  i n v e s t ig a t io n .
This d i s s e r t a t i o n  includes  t h e  r e s u l t s  o f  my in v e s t ig a t io n s  
in to  two areas  o f  response s p e c i f i c i t y  with the chemical mutagen ethyl  
methanesulfonate (EMS). The e f f e c t s  o f  gene p o s i t io n  upon observed 
mutational spectrums in  Drosophila and d i f f e r e n t i a l  a lk y la t in g  s e n s i ­
t i v i t y  dur ing spermatogenesis in the  honeybee were s tu d ied .  Ethyl
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methanesulfonate (EMS) was s e le c te d  as  the  mutagen f o r  th ese  s tu d ie s  
because i t  belongs to  t h a t  group o f  chemical compounds known as 
a lk y la t in g  a g en ts ,  the  l a r g e s t  c l a s s  o f  p o te n t i a l  environmental muta­
gens.  In a d d i t io n ,  EMS i s  an a lk y l a t i n g  agen t  with  proven mutagenic 
e f fe c t iv e n e s s  in  many d i f f e r e n t  organisms (F ishbe in ,  Flamm and Falk, 
1970; Loveless ,  1966). I t  has a simple chemical s t r u c t u r e  (Figure 1) 
which makes i t  r e l a t i v e l y  easy to  sy n th e s ize  with r ad io n u c l id e s  having 
a high s p e c i f i c  a c t i v i t y , a n d  an ex tens ive  amount o f  l i t e r a t u r e  p e r t a i n ­
ing to  i t s  chemistry and mutagenic a c t i o n  i s  a v a i l a b l e  (Ross, 1962; 
Auerbach, 1958).
The mutagenic ac t io n  o f  EMS i s  g e n e r a l ly  a t t r i b u t e d  to i t s  
e l e c t r o p h i l i c  CHgCHg- group which can r e a c t  with e l e c t ro n  r i c h  nucleo-  
p h i l i c  c e n te r s  in  b io lo g ic a l  m a te r ia l  v ia  a nuc leo p h i l ic  s u b s t i t u t i o n  
mechanism of  the second order  (S^2) (Vogel and Rohrborn, 1970).
Brookes and Lawley (1963, 1961) and Lawley and Brookes (1963) have 
s tudied  both the in v i t r o  and in vivo a c t io n  o f  EMS and concluded t h a t  
the most f requen t  s i t e s  o f  i t s  a t t a c k  upon DNA a r e  the  N-7 p o s i t io n  of  
guanine followed by the N-3 p o s i t io n  o f  adenine .  A lky la t ion  of  the N-7 
po s i t io n  of guanine produces 7-e thy l  guanine which can m ispa ir  with 
thymine r a t h e r  than cy to s in e  (F igure  2) causing t r a n s i t i o n  type muta­
t ions  (Loveless,  1966). Depurination o r  hydro lys is  o f  e th y la ted  
guanine leading to the production o f  gaps in  the DNA molecule (Bautz 
and Freese,  1960) as  well as DNA s c i s s io n  (M i l le r  and M i l l e r ,  1966) 
have a lso  been hypothesized as p o s s ib le  exp lana t ions  o f  EMS mutagenic 
a c t io n .  For ad d i t io n a l  r e fe ren ces  on the  chemist ry and mutagenic 
a c t io n  o f  EMS and o th e r  a lk y l a t i n g  agents ,  see F ishbe in ,  Flamm and
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FIGURE 1. S t ru c tu re  o f  Ethyl Methanesulfonate
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FIGURE 2. S t ru c tu r e  o f  Normal and Unusual Base Pair ings
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Falk (1970) and Vogel and Rohrborn (1970).
The mutagenic a c t io n  of  EMS upon the  sperm c e l l  DNA of  
Drosophila has been shown to produce a high percentage o f  v i s i b l e  
mosaic po in t  muta t ions .  Sega e t  a l . (1972; a l so  see  Sega, 1971), from 
t h e i r  dosimetry s tu d ie s  o f  EMS e th y la t io n  o f  Drosophila sperm c e l l s ,  
hypothesized t h a t  e th y la t io n  o f  a r a r e  s i t e  or  combination o f  s i t e s  in  
the  DNA,rather than e th y l a t i o n  of the  N-7 p o s i t io n  o f  g u a n in e , i s  r e ­
spons ib le  f o r  the  mutagenic a c t io n  o f  EMS. This hypothesis  i s  favored 
over th e  ones involving the  u ns tab le  base pa i r ing  o f  e thy lguan ine ,  the 
hydrolys is  of  e thylguanine from th e  DNA backbone or  s in g l e  s t r an d  
s c i s s io n  f o r  expla in ing  the high percentage of  mosaics among the  F-j 
mutant progeny o f  Drosophila males t r e a t e d  with EMS (Lee, Sega and 
Bishop, 1970).
In add i t io n  to v i s i b l e  mosaic po in t  m uta t ions ,  EMS has a l so  
been found to induce v i s i b l e  complete mutations  and even g ross  chromo­
somal a b e r ra t io n s  in a number o f  organisms including Drosophila (Bishop 
and Lee, 1969; Bishop, 1970) and mouse (Cat tanach,  Po l la rd  and Isaacson ,  
1968; Ehling,  Cumming and Mail ing,  1968). M ult ip le  EMS a lk y la t i o n  on 
o p pos i te  DNA s t rands  could account f o r  the induct ion  o f  such complete 
mutations  and chromosome breaks (Sega, Gee and Lee, 1972).
Throughout the  l i t e r a t u r e  p e r ta in ing  to  i t s  mutagenic a c t i o n ,  
numerous examples o f  s p e c i f i c i t y  o f  response with EMS can be d isce rned .  
In the  mouse EMS produces a higher percentage o f  dominant l e t h a l s  and 
t r a n s lo c a t io n s  than muta t ions  de tec ted  by the  s p e c i f i c  locus t e s t  
(Cat tanach,  Pollard  and Isaacson,  1968; Ehling, Cumming and Mail ing,  
1968). The reve rse  i s  g e n e ra l ly  t r u e  fo r  Drosophila (Loveless,  1966)
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where EMS induced, po in t  mutation "hot spots"  have even been r epo r ted  
(L ifschytz  and Falk,  1969). When compared to the b i func t iona l  a l k y l a t ­
ing agent  myleran (two EMS molecules jo ined  "back to back") EMS 1s 
f i f t y  t imes l e s s  e f f e c t i v e  f o r  producing chromosome a b e r ra t io n s  (Love­
l e s s ,  1966). Natarajan and Upadlya (1964) have repor ted  t h a t  EMS 
induces chromosome a b e r ra t io n s  p r im ar i ly  in  heterochromatic  reg ions  o f  
Vicia faba chromosomes. S p e c i f i c i t y  o f  response with r e s p e c t  to  germ 
c e l l  s tage  s e n s i t i v i t y  i s  f r e q u e n t ly  reported  in mutat ion s tu d ie s  using 
EMS; EMS has been found to be an e f f e c t i v e  mutation producer in  mouse, 
r a t s  and Drosophila only when postmeiotic  s tages  o f  spermatogenesis 
a r e  t r e a t e d  (Vogel and Rohrborn, 1970; Fahmy and Fahmy, 1959).
I have r e c e n t ly  published the  r e s u l t s  o f  my in v e s t ig a t io n s  
in to  response s p e c i f i c i t y  with EMS involving the  e f f e c t  o f  gene p o s i ­
t io n  upon observed mutat ional  spec t ra  in Drosophila in Mutation 
Research under the t i t l e  "Chromosome breakage in  Drosophila melano- 
g a s t e r  induced by a mono-functional a lk y la t in g  agent  (EMS)." EMS i n ­
duced mutat ions involving the  yellow locus o f  Drosophila were s tu d ie d ,  
both when the dominant a l l e l e s  f o r  yellow and c lo s e ly  l inked  achae te  
were ad jacen t  to  euchromatin in t h e i r  normal p o s i t io n  on the  d i s t a l  
end o f  the  X chromosome and when a d jacen t  to c o n s t i t u t i v e  h e te ro ­
chromatin on the  Y chromosome. A yellow mutation was considered 
in t rag e n ic  i f  the  ad jacen t  achae te  locus was not a f f e c t e d .  The i n t r a ­
genic mutation frequency did not change with the po s i t io n  o f  the 
yellow locus in  the  genome; however, the  t o t a l  mutat ion frequency was 
t h re e fo ld  higher  when the yellow locus was pos i t ioned  ad ja ce n t  to 
c o n s t i t u t i v e  heterochromat in. Factors  c o n t r ib u t in g  to the production
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of  d i f f e r e n t  mutat ional  spectrums when the p o s i t io n  o f  the  gene i s  
changed a r e  d iscussed .  E a r l i e r  work involving p o in t  mutat ions on the 
X chromosome was included in the s tudy o f  mosaics by Lee, Sega and 
Bishop (1970). Reprints  o f  these  p u b l ica t io n s  a r e  a t tached  as  p a r t  o f  
t h i s  d i s s e r t a t i o n  (Appendix I I ) .
DIFFERENTIAL SENSITIVITY TO EMS ALKYLATION 
DURING SPERMATOGENESIS IN THE HONEYBEE
INTRODUCTION
During the  course  of  mutagenic s tu d ie s  with EMS, both in 
Dr. W. R. Lee 's  l a b o ra to ry  a t  Louisiana S t a t e  U n ivers i ty  and in  s im i la r  
s tu d i e s  c a r r i e d  ou t  by o th e r  i n v e s t i g a t o r s ,  the  mutagenic e f f e c t i v e ­
ness o f  EMS has been found to  be dependent upon the  germ c e l l  s tage  
t r e a t e d .  A much higher  mutation f requency has been observed in the 
progeny from germ c e l l s  which were in  l a t e  spermatid s tages  o f  spe r ­
matogenesis during t rea tm en t  than in  those  t r e a t e d  in premeiotic  
s ta g e s .  However, n e i th e r  the  s p e c i f i c  period dur ing which developing 
sperm c e l l s  a r e  s e n s i t i v e  to EMS a l k y l a t i o n  nor the  f a c t o r s  causing 
t h i s  s p e c i f i c i t y  o f  response has been i d e n t i f i e d .
Since  spermatogenesis  in  Drosophila is  cont inuous,  a s in g le  
t rea tm en t  w i l l  a f f e c t  c e l l s  a t  each s ta g e  of  development.  By mating 
males success iv e ly  to  a s e r i e s  o f  v i r g i n  f e m a l e s , i t  i s  p o ss ib le  to 
sample sperm c e l l s  t h a t  were exposed to the  a lk y l a t i n g  agent  in  suc­
c e s s iv e ly  e a r l i e r  s tag e s  of  development. Retained a lkyl groups in 
mature sperm c e l l s  t r a n s f e r r e d  to the female a r e  i d e n t i f i e d  by t h e i r  
rad io n u c l id e  l a b e l .
Using t h i s  sampling procedure,  the  rad io n u c l id e - la b e le d  alkyl  
groups r e t a in e d  from the  e a r l i e s t  s tag e  u n t i l  sperm c e l l  matura t ion  
were measured by Sega e t  a l .  (1972). They have shown t h a t  the  number of
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a lk y la t i o n s  r e t a in e d  u n t i l  sperm c e l l  m atura t ion  i s  c o r r e l a t e d  with 
change 1n mutat ion frequency f o r  c e l l s  t r e a t e d  in success ive ly  e a r l i e r  
germ c e l l  s t a g e s .  This procedure developed f o r  Drosophila g ives  no 
information on the amount o f  i n i t i a l  a l k y l a t i o n  and subsequent removal 
o f  the  alkyl  group in  immature germ c e l l  s t a g e s .  In a d d i t i o n ,  i t  i s  
q u es t ionab le  whether t h i s  procedure can be used to  p r e c i s e ly  d i s t i n g u i s h  
between a lk y la t i o n  o f  the l a t e  spermatid and mature sperm s tages  o f  
spermatogenesis .  Delimit ing more a c c u ra te ly  the  periods dur ing which 
germ c e l l s  a r e  most s e n s i t i v e  to  a lk y l a t i o n  would be a major s tep  toward 
c o r r e l a t i n g  t h i s  s e n s i t i v i t y  with probable s p e c i f i c  metabol ic  v a r i a ­
b i l i t y .
A s tudy o f  d i f f e r e n t i a l  s e n s i t i v i t y  to  a lk y l a t i o n  during 
spermatogenesis  in  the  honeybee was i n i t i a t e d  to determine,  as  accu­
r a t e l y  as  p o s s ib le ,  the s tage  o r  s tages  o f  sperm c e l l  development when 
the  DNA i s  most s e n s i t i v e  to EMS a l k y l a t i o n .  The honeybee, Apis 
m e l l i f e r a , was chosen as  th e  experimental organism f o r  t h i s  study be­
c au se ,  u n l ik e  Drosophi la ,  spermatogenesis  in  the  male honeybee i s  
de te rm ina te .  During pupal development the  germ c e l l s  in  a d rone 's  
t e s t e s  a l l  go through the  success ive  s tages  o f  spermatogenesis in  an 
a lmost  synchronous fash ion  (Hachinohe and Onish i,  1952). At l e a s t  
10 m i l l i o n  c e l l s ,  uniformly in  e i t h e r  prem eio t ic ,  m e io t ic ,  immediately 
pos tm eio t ic ,  e a r ly  spermatid,  l a t e  spermatid ,  maturing spermatozoan, 
o r  mature sperm s tages  can be obtained from a s in g l e  drone honeybee. 
Because o f  t h i s  quasi-synchronous c e l l  d iv i s io n  dur ing spermatogenes is,  
i t  i s  p o s s ib le  to make a d i r e c t  de termina tion  o f  r e l a t i v e  EMS a l k y l a ­
t io n s  per u n i t  o f  DNA during s p e c i f i c  s tages  o f  sperm c e l l  development. 
I t  w i l l  be shown t h a t  DNA from those  honeybee germ c e l l s  which have
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j u s t  completed melosls  but have not y e t  begun sperm t a i l  development 
i s  most s e n s i t i v e  to i n i t i a l  EMS a l k y l a t i o n .  A decrease  1n i n i t i a l  
a lk y l a t i o n  l e v e l s ,  through time a f t e r  i n j e c t i o n ,  occurs  during spermelo- 
genes is  but  does not occur during immediately premeiotic  spermatogenic 
development. Some po ss ib le  c a u sa t iv e  f a c t o r s  f o r  these  d i f f e r e n c e s  
a r e  d iscussed .
Spermatogenesis in  the  honeybee
The male honeybee, o r  drone,  r e q u i re s  an average of  24 days 
from th e  time the egg i s  l a i d  to develop in to  an a d u l t .  During t h i s  
24 day per iod ,  the  drone completes th re e  s tages  o f  development,  a 
3 day egg s ta g e ,  a 6-1 /2  day la rv a l  s t a g e ,  and a 14-1/2  day pupal 
s tag e  (Hachinohe and Onishi,  1952; Snodgrass,  1956). On the 24th day 
the  a d u l t  drone emerges from i t s  c e l l .  The germ c e l l s  in  the t e s t e s  
o f  th e  drone complete spermatogenic development from spermatocyte 
formation through spermeiogenesis during the 14-1/2 day pupal s tage .
I have performed ex tens ive  cy to log ica l  examinations o f  pupal honeybee 
t e s t i c u l a r  t i s s u e s  which were undergoing spermatogenic development. 
T e s t i c u l a r  t i s s u e s  from both "EMS-treated" and "non- t rea ted"  drones 
were s tu d ied .  The following d e s c r ip t i o n  o f  spermatogenesis in  the  
honeybee i s  based on t h i s  study and s im i la r  co r ro b o ra t iv e  s tu d ie s  by 
o th e r  i n v e s t i g a to r s .
On the 7th o r  8 th  day o f  the  pupal s t a g e ,  approximately 17 days 
from egg l ay in g ,  the primary spermatocytes begin m eios ls .  Most o f  the  
spermatocytes  complete meiosls  w i th in  a 10 hour per iod (Hachinohe and 
Onishi,  1952), and by the 9th day o f  the  pupal s tage  a l l  gonial c e l l s
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a re  pos tmeio t ic .  Sperme1ogenes1s proceeds from the  9th to the  14th 
day o f  pupal development. The spermat ids have a spher ica l  appearance 
on the 9th day of  the  pupal s tag e  but  begin to e longa te  on about  the  
10th day. Shor t ,  I n d i s t i n c t  t a i l  f i lam en ts  and a l i g h t l y  s ta in ed  
rec ta n g u la r  head reg ion  i s  c h a r a c t e r i s t i c  of  11-12 day spermatids .
Tail  f i lam en ts  become d i s t i n c t l y  v i s i b l e  by the  13th day,and the  narrow 
elongated head region o f  the now immature spermatozoan i s  somewhat 
he teropycnot ic .  By the time the  a d u l t  drone emerges from i t s  c e l l ,  
spermeiogenesis  i s  complete,and some o f  t h e  sperm c e l l s  have passed 
through the  seminal tubules  to  the  seminal v e s i c l e s  (Rockste in ,  1964; 
Bishop, 1920).
The prem eio t ic ,  m eio t ic  and pos tmeiot ic  per iods  o f  germinal 
c e l l  development co inc ide  with d i s t i n c t  changes in  the ex terna l  
morphology of  the developing drone pupae (Jay ,  1962). The eyes o f  a 
pupa having premeiotic germ c e l l s  a r e  white  with some t ransparency .
At the  beginning of  meiosis  t h i s  t ransparency  i s  l o s t , a n d  the  eyes 
become deeply tu rb id  with white  c o lo r .  Postmeiotic  pupae have white  
eyes with shadows o f  l i g h t  pink,  g r a d u a l ly  changing to  pa le  purp le ,  
even tua l ly  to dark purple  and then  brown (Hachinohe and Onish i ,  1952).
MATERIALS AND METHODS
U n fe r t i l i z e d  eggs o f  the  honeybee develop p a r th en o g en e t ica l ly  
in to  haploid males known as  drones (Mackensen, 1951; Uoyke, 1963). All 
drones used in the p resen t  i n v e s t i g a t io n  were haploid male progeny from 
a non-mutant,  YDGkPa, hybrid queen and were, t h e r e f o r e ,  o f  maternal 
YDGkPa genotype (Harbo, Bishop, Reynolds and Harp, 1973). Using drones
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from a hybrid queen r a t h e r  than drones from an inbred queen r e s u l t s  in 
g r e a t e r  gene t ic  v a r i a b i l i t y  between t e s t  i n d iv id u a l s .  However, because 
o f  the d i f f i c u l t i e s  involved in producing drones from inbred queens 
dur ing the  f a l l  and w in te r  months o f  the  y e a r ,  i t  was necessary to use 
a hybrid queen. The colony from which th ese  drones were obta ined  was 
fed po l len  supplement (Taber,  1973) and mainta ined in  a c o n t ro l l e d  
temperature room to s t im u la te  e f f i c i e n t  brood production.
1. Drone c o l l e c t i o n :
Beginning 24 days p r io r  to  the  day o f  drone pupae i n j e c t i o n ,  
the  queen was confined  to  a 5x12 cm area  (approximately 200 drone c e l l s )  
on a drone comb. Deposi tion of  eggs in to  these  drone c e l l s  was per­
m i t ted  f o r  a 12-15 hour p e r iod ,  a f t e r  which time the queen was removed 
from th e  cage and excluded from the  drone comb. Twelve hours l a t e r  
the  queen was again  confined to ano ther  area on the  drone comb. This 
procedure was continued f o r  11 consecu t ive  days to a s su re  t h a t  drones 
in  the d es i r ed  s tages  o f  development and o f  known age would be a v a i l ­
ab le  f o r  i n j e c t i o n .
The developing drone brood, from the  egg through the  l a rv a l  
s ta g e s ,  was kept w i th in  an area  o f  the  colony from which the  queen 
was excluded.  The day before  i n j e c t i o n ,  drone pupae were t r a n s f e r r e d  
to an i n j e c t io n  board and placed in  a 34°C incuba to r .  Some YDGkPa 
drones emerged w i th in  the  confined area  o f  the  colony.  These drones 
were t r a n s f e r r e d  to small cages  and placed in  a "swarm-box" (Grout,
1966) fo r  ten  days p r io r  to i n j e c t i o n  to  a s su re  t h a t  a l l  sperm had 
migrated to the  seminal v e s i c l e s .
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2. Labeled radiochemicals:
Both t r i t i u m  labe led  EMS and carbon-14 labe led  EMS were used. 
[2- H]EMS with a s p e c i f i c  a c t i v i t y  o f  326 mc/mM was custom-synthes ized
3
by New England Nuclear with  the  H s p e c i f i c a l l y  labe led  a t  C-2 o f  the 
ethyl group. The ac tua l  s p e c i f i c  a c t i v i t y  o f  the  [2-  H]EMS on the day 
o f  i n j e c t i o n  was determined to  be 269 mc/mM by using a decay c o r r e c t io n  
f a c t o r  o f  0.826. The radiochemical and chemical p u r i t y  o f  the  EMS has 
been v e r i f i e d  by Dr. C. S. Aaron using the  procedure o f  Aaron e t  a l .  
(1973).
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[1-  CjEMS was obta ined  from Schwartz Bioresearch ,  I n c . ,  with a 
s p e c i f i c  a c t i v i t y  o f  4 .8  mc/mM. The [1-^C]EMS s p e c i f i c  a c t i v i t y  had 
prev ious ly  been determined by Sega (1971), using the procedure o f  Gee e t  
a l .  (1973),where the  amount o f  EMS p resen t  was determined by c o l o r i -  
m e t r i c a l l y  measuring i t s  a lk y l a t i n g  a b i l i t y  and r a d i o a c t i v i t y  d e t e r ­
mined using l i q u i d  s c i n t i l l a t i o n  spectrometry .
5 ml o f  anhydrous e th e r  was used to  wash the  labe led  EMS from 
the shipping v ia l  and in to  1 ml o f  Hank's Balanced S a l t .  The e th e r  
was subsequently  removed by evapora t ion .  The r e s u l t a n t  EMS so lu t io n  
was ad jus ted  to neu tra l  pH with 0.1 M NaOH and d i l u t i o n  counts  were 
made to determine m o la r i ty .  D i lu t io n  counts  taken on the  f in a l
3
H-EMS s o lu t io n  in d ica ted  approximately 5.4 mc/ml r a d i o a c t i v i t y  o r  a
140.020 M s o lu t io n .  The m o la r i ty  o f  the  C-EMS s o lu t io n  used was 
0.023 M as ind ica ted  by 0.11 mc/ml r a d i o a c t i v i t y .
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3. In je c t io n  o f  labe led  EMS:
Pupal and a d u l t  drones were in j e c te d  d o r s o - l a t e r a l l y  between 
the f o u r th  and f i f t h  abdominal t e r g i t e s  with 3 m i c r o l i t e r s  o f  a Hank's 
Balanced S a l t  s o lu t io n  con ta in ing  r a d io a c t iv e ly  labe led  ethyl methane- 
s u l fo n a te .  The i n j e c t i o n  needle used cons is ted  o f  a c a p i l l a r y  tube 
which had been drawn to a f in e  po in t  on a p i p e t t e  p u l l e r  and c a l i b r a t e d  
to 3 ±0.1 m i c r o l i t e r s .  A f te r  i n j e c t i o n ,  drone pupae were re tu rned  to  
the 34°C incubator  and a d u l t  drones to the  "swarmbox."
4. Sample c o l l e c t i o n :
T e s t i c u l a r  samples were c o l l e c te d  a t  timed i n t e r v a l s  ind ica ted  
in  Tables I and I I ,  column one. The abdomen o f  each drone pupa was 
separa ted  from th e  thorax using a p a i r  of  #4 Dumont fo rceps  and the  
t e s t i s  extruded from the  a n t e r i o r  end of  th e  abdominal c a v i ty  by p r e s s ­
ing on the  dorsal  su r face  o f  the  abdomen. A small sample of  t h i s  
t i s s u e  was placed on a c lean  s l i d e ,  f ixed  with 50% a c e t i c  a c i d ,  s ta in ed  
with  1% Orcein and squashed under a s i l i c o n iz e d  c o v e r - s l i p .  This s l i d e  
was used to  v e r i f y  the developmental STAGE of  the  germ c e l l s  sampled. 
The remaining t e s t i c u l a r  t i s s u e  was t r a n s f e r r e d  to a p iece  o f  poly­
e thy lene  and immediately f rozen  on dry i c e .  All samples c o l l e c t e d  in
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the  'H-EMS experiment cons is ted  o f  pooled t e s t e s  from each o f  t h r e e  
d rones;  those  samples c o l l e c t e d  in  the ^C-EMS experiment co n s is ted  
o f  the  t e s t e s  from a s in g l e  drone.
Mature sperm samples were obtained in the H-EMS experiment  by 
e j a c u l a t i n g  a d u l t  drones a t  the timed i n t e r v a l s  in d ica ted  in  Table I 
and c o l l e c t i n g  the  semen in  the g la s s  t i p  o f  an inseminat ion syr inge  
(Harbo, 1973) mounted on the base o f  a Mackensen-Roberts insemination
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appara tus  (Mackensen and Tucker,  1970). The semen was then expel led  
from the t i p  In to  a drop o f  0.01M Tr1s bu f fe r  on a p iece  o f  poly­
e thylene and f rozen  on dry 1ce. As with  the  t e s t i s  samples in  t h i s  
experiment,  the  semen samples co n s is ted  o f  pooled semen from th re e  
drones.
5. I s o l a t i o n  o f  DNA:
(a) Solu t ions  used
Mercaptoethanol—5 ml of  2-mercaptoethanol added to 95 ml o f  
0.1 M Tris-HCl b u f fe r ,  pH 7 .5 ;  kept cold  and in  the  dark.
Sodium p e rc h lo ra te —1.22 g NaClO^ added to  7 ml d i s t i l l e d  
water con ta in ing  50 mg of  sodium laury l  s u l f a t e ;  made f r e s h  
d a i l y  on a per sample b a s i s .
Chloroform-octanol—a 10:1 s o lu t io n .
RNase—10 mg Worthington RNase d isso lved  in  10 ml o f  0.1 X 
Standard Sa l ine  C i t r a t e  ad jus ted  to  pH 5 with 0.1 N HC1; 
heated f o r  10 min in bo i l ing  water bath to  d e s t ro y  DNase 
a c t i v i t y .
Pronase—3 mg pronase per ml of  water ;  pre - incuba ted  f o r  1 
hour.
Phenol—equal volumes o f  0.013 M Tris-HCl b u f f e r ,  pH 7 .5  and 
phenol s a tu r a te d  with 0.013 M Tris-HCl b u f f e r ,  pH 7 .5 .
(b) Procedure
(1) The f rozen sample was removed from the  po lye thylene  and 
immediately t r a n s f e r r e d  to a ground g la s s  homogenizer.
(2) 2 ml of  mercaptoethanol so lu t io n  was added to  the
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homogenizer and the  sample was ground by hand u n t i l  
homogenization was complete.
(3) The homogenizer p e s t l e  was r in sed  with an a d d i t io n a l  1 ml 
o f  mercaptoethanol s o lu t io n  and 30 mg o f  sodium laury l  
s u l f a t e  was added.
(4) A f te r  cover ing the  homogenizer with polye thy lene ,  the 
sample was shaken f o r  1 hour a t  37°C in a Gilson Shaker 
Water Bath.
(5) The homogenate was then t r a n s f e r r e d  to a c e n t r i f u g e  tube 
having a cap. The homogenizer was r in se d  with 7 ml of  
NaClO^ s o lu t io n  and t h i s  r i n s e  was a l so  t r a n s f e r r e d  to the  
c e n t r i fu g e  tube.  A f te r  capping t i g h t l y ,  the c e n t r i f u g e  
tube and con ten ts  were shaken w el l .
(6) 10 ml o f  chloroform-octanol  was added to the  c e n t r i fu g e  
tube.  The tube was again  capped t i g h t l y  and shaken 
v igorous ly  fo r  5 min.
(7) The sample was c en t r i fu g ed  a t  8000 g in  a cooled RC2 
c e n t r i f u g e  f o r  10 min and the  upper aqueous laye r  removed 
and placed in a c lean  30 ml c e n t r i f u g e  tube.
(8) 19 ml o f  cold  ethanol was added to  the  approximately 9 .5  ml
o f  aqueous supernate .and  the  sample was cen t r i fu g ed  a t  
8000 g f o r  30 min to p e l l e t  the  p r e c i p i t a t e .
(9) The supernate  was decanted from the  tube and the  tube was
drained  wel l .
(10) 1 ml of  0.1 X Standard S a l in e  C i t r a t e  was added to the
c e n t r i f u g e  tube and the  tube r o ta t e d  to  d i s s o lv e  p r e c i p i t a t e
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on the  s id e  of  the  tube .
(11) 2.5  mg o f  t r y p s in  and 100 m i c r o l i t e r s  o f  RNase s o lu t io n  
were added. The tube was covered with polyethylene and 
again  incubated f o r  1 hour a t  37°C.
(12) 0 .6  ml o f  pronase was added and the  sample incubated a t  
37°C f o r  a t  l e a s t  3 more hours.
(13) 1 .6  ml o f  phenol was added to  the tube and the  sample 
shaken g e n t ly  by hand f o r  15 min before  c en t r i fu g in g  a t  
8000 g f o r  10 min.
(14) The upper aqueous phase was p ip e t te d  in to  a c lean  30 ml 
c e n t r i f u g e  tube and the  phenol e x t r a c t io n  repea ted .
(15) A f te r  the second phenol e x t r a c t i o n ,  the  upper aqueous phase 
o f  approximate ly  1.7 ml volume was t r a n s f e r r e d  to a c lean  
c e n t r i f u g e  tube and the  s o lu t io n  was washed 6 times with
5 ml volumes o f  anhydrous ethyl e th e r .
(16) The res idua l  e th e r  was blown o f f  with compressed a i r  before 
adding 3.4 ml o f  cold ethanol to  the aqueous sample.
(17) The r e s u l t a n t  DNA p r e c i p i t a t e  was p e l l e t e d  by c e n t r i f u g a ­
t io n  a t  8000 g f o r  30 min.
(18) A f te r  decanting the  superna te ,  the  p e l l e t  was red isso lved  
in  1 ml of  0.1 XStandard S a l in e  C i t r a t e  and f rozen  a t  0°C.
6. Determining r a d i o a c t i v i t y  per  microgram o f  DNA:
Spectrophotometr ic measurements were taken on the 0.1 X Standard 
S a l in e  Citrate-DNA s o lu t io n .  260/280 r a t i o s  f o r  these  samples were 
s im i la r  to  those  observed with commercially prepared DNA in d ic a t in g  
t h a t  most of  the  p ro te in  was being removed using t h i s  e x t r a c t io n
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procedure.  An a d d i t io n a l  check on the  e f f i c i e n c y  o f  t h i s  procedure was
made by Ms. H. Nardin and Dr. C. S. Aaron using whole Drosophila
doubly labe led  with 3H thymidine and 14C a r g in in e .  A f te r  e x t r a c t io n  no 
14s i g n i f i c a n t  C remained in  the f i n a l  s o lu t io n ,  in d ic a t in g  t h a t  most of  
the  p ro te in  was being removed using t h i s  e x t r a c t io n  procedure.
The con cen t ra t io n  o f  DNA in  the  s o lu t io n  was determined by
assuming an absorbency o f  1.00 equal to  50 ug o f  DNA per ml of  so lu t io n
1n the  spec trophotometr ic  c e l l .  Concentrat ion values c a lc u la te d  by 
t h i s  procedure were found to  be eq u iva len t  to  those  obta ined  using the  
method of  Hirschman and Felsenfe ld  (1966).
A measured volume of  the  DNA s o lu t io n  was t r a n s f e r r e d  to a 
s c i n t i l l a t i o n  v i a l .  Maximum volumes f o r  the  f in a l  DNA so lu t io n s  were 
1 . 0 ± 0 . 2  ml. To s ta n d a rd ize  s c i n t i l l a t i o n  co c k ta i l  count ing e f f i ­
c iency ,  a l l  measured volumes o f  DNA s o lu t io n s  counted were between 
0.8 and 1 .0  ml. The e f f e c t  o f  t h i s  v a r i a t i o n  on the  counting e f f  -  
c iency  was determined to  r e s u l t  in  no more than 0.4% o r  0.1% e r r o r  in 
counting e f f i c i e n c y  f o r  the 3H and samples,  r e s p e c t iv e ly .  10 ml 
o f  In s tag e l*  was then added to the s c i n t i l l a t i o n  v i a l ,  the mixture  
shaken and placed in  a l iq u id  s c i n t i l l a t i o n  coun te r .  A f te r  a 24 hour 
cool-down and s t a b i l i z a t i o n  per iod ,  100 minute counts  were accumulated 
and a record s to red  on paper tap e .  Counting e f f i c i e n c i e s  were d e t e r ­
mined by in te rn a l  s ta n d a rd iz a t io n  o r  by using a predetermined e f f i ­
c iency  curve based on in te rn a l  s ta n d a rd iz a t io n  o f  a s e r i e s  o f  s im i l a r l y  
prepared s c i n t i l l a t i o n  c o c k t a i l s .
* I n s t a g e l ,  a product  of  Packard Inst rument Co.,  LaGrange, 111. ,  
i s  an emulsifying s o lu t io n  which provides both the so lven t  and f l u o r  
o f  th e  s c i n t i l l a t i o n  c o c k t a i l .
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RESULTS
The t o t a l  number o f  r a d io a c t iv e  counts accumulated on each DNA 
sample were converted to  counts per minute . Background counts  of  7.3
su b t ra c ted  from the  sample counts  per minute and th e  data recorded in 
column two o f  Tables I and I I .  The t o t a l  micrograms o f  DNA counted in 
each sample were recorded in  column t h r e e .  A lky la t ions  per  nuc leo t ide  
(column f o u r ,  Tables I and I I )  were determined from the counts per 
minute per  microgram o f  DNA as  descr ibed  in  Appendix I .  Mean a l k y l a ­
t io n s  per n u c leo t ide  ±1 s tandard  dev ia t ion*  were c a lc u la te d  f o r  each 
SET o f  samples obta ined  from drones i n j e c t e d  a t  the  same STAGE o f  
spermatogenesis  and d i s s e c te d  a t  the  same number o f  hours a f t e r  i n j e c ­
t i o n  (column f i v e ,  Tables I and I I ) .
To determine in which STAGE(S), i f  any, the  germ c e l l  DNA was 
most su sc e p t ib le  to i n i t i a l  EMS a l k y l a t i o n ,  each o f  the  2, 6 and 10 
hour SETS o f  data  was t e s t e d  f o r  p oss ib le  d i f f e r e n c e s  between STAGES 
in  mean a l k y l a t i o n s  per nu c leo t id e .  S t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r -
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ences between STAGES occur in the two hour SETS o f  data  from the  H 
experiment (Figure 3 ) .  Both pos tmeiot ic  STAGES (19 and 22 day) e x h ib i t  
s i g n i f i c a n t l y  higher  mean a lk y la t io n s  per n u c leo t ide  (P < 0 .0 5 )  than the  
premeiotic  STAGE (15 day) .  The immediately pos tmeio t ic  STAGE (19 day) 
i s  a l so  s i g n i f i c a n t l y  higher  ( P < 0 .0 5 )  than the  meio t ic  STAGE (17 day).
3 14and 7.8 counts  per minute f o r  the  H and C d a t a ,  r e s p e c t i v e l y ,  were
No s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  between p rem eio t lc ,
immediately pos tmeio t ic  and l a t e  postmeiotic  STAGES were de tec ted  in
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the  6 and 10 hour SETS of  the  H experiment; however, the immediately 
postmeiot ic  STAGE in  these  SETS tends  to be higher  than the premeiotic 
and l a t e r  postmeiotic  STAGES. Trends in the experiment da ta  a l so  
i n d i c a t e  a h igher  level  of i n i t i a l  a lk y l a t i o n  per nuc leo t id e  in  the 
immediately postmeio tic  STAGE than in  the  l a t e r  pos tmeio t ic  STAGES.
The extreme sample v a r i a t io n  with in  SETS in  t h i s  experiment,  however, 
precludes  i d e n t i f i c a t i o n  of  p o s s ib le  STAGE d i f f e r e n c e s .
The mean a lk y la t i o n s  per n u c leo t ide  f o r  the  mature sperm
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samples c o l l e c te d  2 hours a f t e r  i n j e c t i o n  o f  a d u l t  drones with  H-EMS 
was a t  l e a s t  two orders  of  magnitude lower than t h a t  f o r  the o th e r  
STAGES sampled a t  2 hours.  In f a c t ,  the number o f  a lk y la t io n s  per 
nu c leo t ide  d e tec ted  in t h i s  mature sperm STAGE i s  a t  l e a s t  two orders  
o f  magnitude lower than the  o th e r  STAGES throughout  the 72 hour sampling 
per iod .  These r e s u l t s  i n d i c a t e  t h a t  l i t t l e  o r  no e th y la t io n  of  sperm 
c e l l  DNA occurs  by t rea tment  of  the  mature sperm STAGE.
A l i n e a r  r eg re s s io n  a n a ly s i s  was performed on the  data  o f  each 
i n j e c t i o n  STAGE to t e s t  fo r  general downward t re nds  through time a f t e r  
i n j e c t i o n .  Values fo r  a lk y l a t i o n s  per n u c leo t ide  o f  each sample r e p r e ­
sented the  Y a x i s  and time a f t e r  i n j e c t i o n  a t  which the  sample was 
taken (SET number) the  X a x i s .  To t e s t  the hypothesis  t h a t  values  fo r  
s lope (b) of  the r eg re s s io n  l i n e  c a lc u la ted  f o r  each STAGE were s t a t i s ­
t i c a l l y  equal to ze ro ,  a t - t e s t  was used in  which
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where Zx2 = EX2 - (ZX)2/ n
Zy2 = ZY2 -  (ZY)2/ n  
Zxy = ZXY -  ZXZY/n
and s 2 = -  ( , » y , ) ,V » 2
y.x  n - 2
No s i g n i f i c a n t  l i n e a r  r e g re s s io n  could be de tec ted  in  those 
i n j e c t i o n  STAGES which were sampled through only 24 hours a f t e r  i n j e c ­
t i o n .  Slopes f o r  the  r e g re s s io n  l i n e s  of  the immediately postmeiotic  
and l a t e  postmeiot ic  STAGES sampled beyond 24 hours were negat ive  and
s i g n i f i c a n t l y  g r e a t e r  in  s lope than zero r e g re s s io n  l i n e .  The s lope  of
3the  r e g re s s io n  l i n e s  in  the H experiment 15 day and mature sperm 
STAGES, which were a l s o  sampled beyond 24 hours a f t e r  i n j e c t i o n ,  were 
not s i g n i f i c a n t l y  d i f f e r e n t  than zero r e g re s s io n  l i n e  s lope .
Regression l i n e s  c a l c u l a t e d  with the  t h e o r e t i c a l  equat ions  
determined by l i n e a r  r e g re s s io n  a n a ly s i s  have been p lo t t e d  f o r  the 
15 day, 19 day,  22 day and the mature sperm STAGES (Figures  4 ,  5,  6 
and 7, r e s p e c t i v e l y ) .  Mean a lk y la t i o n s  per n u c le o t id e  ±2 sd f o r  each 
SET o f  data  used to c a l c u l a t e  the equations  f o r  th e se  reg re s s io n  l i n e s  
were a l so  p lo t t e d .  My d i scu s s io n  o f  STAGE d i f f e r e n c e s  in i n i t i a l  
a lk y l a t i o n  l e v e l s  and in  lo ss  o f  a lk y l a t i o n s  per n u c le o t id e  through 
time a f t e r  i n j e c t i o n  i s  based,  p r im a r i ly ,  upon the  s t a t i s t i c a l l y  s i g ­
n i f i c a n t  d i f f e r e n c e s  dep ic ted  by Figures 5 and 6.
A comparison of  " i n i t i a l "  2 hour and " f i n a l "  72 hour l e v e l s  o f  
a lk y l a t i o n  f o r  those s tages  sampled beyond 24 hours a f t e r  i n j e c t i o n  
was made using a t - t e s t
where X = EX/N
A
Y = EY/Ny
The r e s u l t s  o f  t h i s  t e s t  i n d i c a t e  a s i g n i f i c a n t  decrease  
( P < 0.05) in the i n i t i a l  a lk y l a t i o n  per nuc leo t id e  level  a f t e r  72 hours
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only f o r  the 19 and 22 day (pos tm eio t ic )  STAGES o f  the H experiment.  
These a r e  the same STAGES in  which l i n e a r  r e g re s s io n  a n a ly s i s  shows a 
general  downward t rend  in  a l k y l a t i o n s  per  n u c leo t id e  from 2 through 72 
hours a f t e r  i n j e c t i o n .
In add i t io n  to  the  above s t a t i s t i c a l  an a ly se s ,  a s tepwise r e ­
g re s s io n  a n a ly s i s  was a l s o  performed in  which l i n e a r ,  quad ra t ic  and 
cubic e f f e c t s  were evaluated  to determine the b es t  equation f o r  pre­
d i c t i n g  the a lk y l a t i o n  per n u c leo t id e  leve l  based on time a f t e r  i n j e c ­
t i o n .  The b es t  r eg re s s io n  equat ion  fo r  each STAGE, as  in d ica ted  by 
t h i s  a n a l y s i s ,  i s  shown in  Table I I I  along with  the  R va lue  in d ica t in g  
degree o f  f i t n e s s .
14Due to the extreme v a r i a b i l i t y  in  the  C experiment and the
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lack  of  a s u f f i c i e n t  number o f  da ta  po in ts  in  the  H exper iment,  i t  i s
u n l ik e ly  t h a t  the equations der ived  from my data  adequate ly  d esc r ib e
the ac tua l  shape o f  the curves  f o r  any o f  the  STAGES sampled. The 15,
19 and 22 day STAGES o f  the 3H experiment were the  only STAGES having
2s u f f i c i e n t l y  complete data  to  y i e ld  R values  of  0.88 o r  g r e a t e r .  
Equations derived f o r  the  15 and 19 day STAGES were quad ra t ic  and the
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equation der ived f o r  the 22 day STAGE was cub ic .  This in d ic a te s  t h a t  
the general downward trend in a l l o c a t i o n s  per  n u c leo t ide  through time 
fo r  these  STAGES a c t u a l l y  occurs  with n o n - l i n e a r i t y .
DISCUSSION
Sample v a r i a b i l i t y
V ar ia t ions  in  sample counts  per minute per microgram of  DNA 
w ith in  most o f  the  SETS l i s t e d  in  Tables I and I I  preclude id e n t i fy in g  
s i g n i f i c a n t  d i f f e r e n c e s  in  the  l e v e l s  o f  a l k y l a t i o n ,  e i t h e r  between 
i n j e c t i o n  STAGES o f  s p e c i f i c  SETS o r  between SETS o f  a s p e c i f i c  i n j e c ­
t i o n  STAGE. No c o n s i s t e n t  t rend  in  the  v a r i a t i o n  o f  sample groups
rep re se n t in g  a p a r t i c u l a r  STAGE or  time a f t e r  i n j e c t i o n  was found. A
14comparison of the va r iance  among the  C experiment samples with the
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v ar iance  among the H experiment samples o f  comparable STAGE shows, 
however, t h a t  the var iance  f o r  the  experiment i s  s i g n i f i c a n t l y
3
g r e a t e r  than the var iance  f o r  the  H experiment (F** = 7 .12;  P < 0 .05 ) .  
P a r t  o f  t h i s  d i f f e r e n c e  in  va r iance  was due to the r e l a t i v e l y
low s p e c i f i c  a c t i v i t y  o f  the  EMS and consequent  low counts  ob-
14 +served.  36 samples in  the C experiment had a s tandard dev ia t io n
**An a n a ly s i s  o f  va r iance  f o r  data  with a s in g l e  c r i t e r i o n  o f  
c l a s s i f i c a t i o n  and unequal r e p l i c a t i o n s  was used to  t e s t  the e q u a l i ty  
of  var iances  (Stee l  and T o r r i e ,  1960, p 83 a n d p p l l 2  f f ) .
where r g = gross  counting r a t e ,  tg = gross  count ing t ime,
rb  = background counting r a t e ,  and tb  = background counting time (Wang
and W i l l i s ,  1965).
+
Standard d e v ia t io n  o f  the ne t  sample count ing r a t e  =
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which was equal to  o r  g r e a t e r  than 10% o f  the  counting r a t e .  The 
e l im in a t io n  o f  those  samples from the experiment data  reduces the  
va r ian ce  among the  remaining popula t ion to a leve l  t h a t  i s  not s i g -
3
n i f i c a n t l y  d i f f e r e n t  from the  va r iance  o f  the  H experiment a t  the  1%
14l e v e l ,  a l though the va r iance  o f  the  C experiment remains g r e a t e r  a t
the  5% leve l  (F = 2 .19) .
A g r e a t e r  v a r i a b i l i t y  between the  s in g l e  drone samples wi th in  
14SETS o f  the C experiment than between the th re e  drone pooled samples
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w ith in  SETS o f  the H experiment would be expected i f  p a r t  o f  the  d i f ­
fe rence s  observed a r e  a l so  due to b io log ica l  v a r i a t i o n .  Such probable 
b io lo g ica l  v a r i a t i o n  may have been accentua ted  by g en e t ic  v a r i a b i l i t y  
w i th in  my t e s t  populat ion o f  drones from a hybrid queen.
I n i t i a l  a l k y l a t i o n
3
The t rend  in  the  data  from the  H experiment during the f i r s t  
10 hours a f t e r  i n j e c t i o n  i s  one o f  higher  EMS a l k y l a t i o n s  per nucleo­
t i d e  in  the immediately postmeiot ic  STAGES o f  spermatogenesis.  This 
t r e n d ,  r e in fo rc e d  by the  d e te c t io n  o f  a s i g n i f i c a n t l y  higher  mean 
a l k y l a t i o n  leve l  f o r  the  19 day STAGE a t  two hours a f t e r  i n j e c t i o n  in 
t h i s  experiment (Figure 3), suggests  t h a t  the  immediately postmeiot ic  
STAGE i s  the most s e n s i t i v e  f o r  a l k y l a t i o n  o f  the  DNA by EMS.
STAGE dependent l e v e l s  of  i n i t i a l  DNA a lk y l a t i o n  by EMS may 
r e s u l t  from several  f a c t o r s  including STAGE d i f f e r e n c e s  involving the  
whole organism, the gonial c e l l  t i s s u e ,  o r  the DNA per se .  EMS is  
a c t i v e l y  metabolized in the mouse a t  s u b s t a n t i a l l y  higher  r a t e s  than 
can be accounted f o r  by i t s  presence in  an aqueous environment
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(Cumming and Walton, 1970). Competition between a lk y la t i o n  by EMS and 
the metabolism o f  EMS may poss ib ly  l i m i t  the  amount of  a lk y l a t i o n  
w i th in  the organism. There a r e  a l so  in d ica t io n s  t h a t  the  mechanism or  
mechanisms r e sp o n s ib le  f o r  a c t i v e  metabolism o f  EMS can be enhanced 
(Cumming and Walton, 1970). I f  STAGE s p e c i f i c  enhancement o f  EMS 
metabolism o ccu rs ,  i t  could c o n t r ib u t e  to response s p e c i f i c i t y .  For 
example, the  r a t e  a t  which EMS is  metabolized in the 15 day old honey­
bee pupae may be g r e a t e r  than w i th in  the 19 day old pupae.
EMS i s  capable  o f  a lk y l a t i n g  DNA in a l l  body t i s s u e s ,  as  well 
as  nu c leo p h i l i c  s i t e s  o th e r  than those o f  the DNA molecule.  STAGE spe­
c i f i c  d i f f e r e n c e s  in competing nuc leophi les  could a l t e r  the e f f i c i e n c y  
o f  EMS a l k y l a t i o n  in gonial  t i s s u e  DNA. This v a r i a t io n  might involve 
the whole organism where a v a i l a b l e  nucleophi les  in the d i f f e r e n t  
organs and t i s s u e s  e f f e c t i v e l y  " a t t r a c t "  EMS away from gonial  t i s s u e s .  
Cumming and Walton (1970) have in v e s t ig a ted  the metabolic f a t e  o f  EMS 
in  the  mouse,and the r e s u l t s  show ex tens ive  anatomical d i s t r i b u t i o n  o f  
EMS a l k y l a t i o n  In t h a t  organism. However, the  r e s u l t s  o f  t h e i r  study 
a l so  show t h a t  r e l a t i v e l y  s u b s ta n t i a l  q u a n t i t i e s  o f  EMS a re  d i s t r i b u t e d  
to the  t e s t i s  r a p id ly  and in  an a c t i v e  form. They suggest  t h a t  r e a c ­
t i v i t y  under co n d i t io n s  p reva len t  in the  t a r g e t  t i s s u e s  i s  a more im­
p o r ta n t  f a c t o r  in  determining gene t ic  damage than  a r e  b a r r i e r s  to d i s ­
t r i b u t i o n  w i th in  the body. Even in  the  absence of  compet i t ion between 
gonial and o th e r  t i s s u e s ,  i t  i s  p o s s ib le  t h a t  age or  STAGE d i f f e re n c e s  
in  the  t o t a l  number of  non-DNA nuc leoph i l ic  s i t e s  with in  the gonial 
t i s s u e  may be a f a c t o r  causing STAGE response s p e c i f i c i t y  with EMS, a t  
l e a s t  a t  low doses.
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The number o f  a lk y l a t i o n s  per n u c leo t id e  on the  DNA from mature 
honeybee sperm c e l l s  in samples taken 2 hours a f t e r  i n j e c t i o n  o f  a d u l t  
drones (mature sperm STAGE) was two o rde rs  o f  magnitude l e s s  than t h a t  
observed on samples o f  DNA from germinal c e l l s  in the  prem eio t ic ,  imme­
d i a t e l y  pos tmeio t ic  o r  spermatid STAGES of  spermatogenes is.  I t  seems 
probable from th e se  r e s u l t s  t h a t  EMS cannot  p en e t r a t e  to DNA in the 
sperm head. STAGE d i f f e r e n c e s  in  e i t h e r  the  membrane boundaries o f  
gonial c e l l s  o r  the  t e r t i a r y  s t r u c t u r e  o f  gonial c e l l  DNA could have 
c o n t r ib u te d  to  such STAGE response  s p e c i f i c i t y  by blocking o r  d i r e c t i n g  
e f f e c t i v e ,  i n i t i a l  EMS-DNA i n t e r a c t i o n .
The presence o f  STAGE s p e c i f i c  nuc leopro te ins  could be ano ther  
f a c t o r  in f luenc ing  c e l l  s tage  response s p e c i f i c i t y  with EMS. A t r a n s i ­
t i o n  from typ ica l  somatic o r  ly s in e  r i c h  h is tones  to  highly a rg in in e  
r i c h  h is tones  i s  known to occur during Drosophila spermatogenesis (Das, 
Kaufmann and Gay, 1964). This change in  the bas ic  nuclear  p ro te in  i s  
o f te n  followed by f u r t h e r  a l t e r a t i o n s  to protamines in  sperm heads o f  
mature sperm in Drosophila (Das, Kaufmann and Gay, 1964) and a v a r i e ty  
o f  o th e r  spec ies  (A l l f r e y ,  Mirsky and Osawa, 1955; Kihlman, 1966).
DNA which has been "n eu t ra l i ze d "  by h is tones  i s  r e a d i ly  a t tacked  
by a lk y l a t i n g  agents  (Hol laender,  1971). I t  i s  conceivable  t h a t  c e l l  
s tag e  response s p e c i f i c i t y  r e s u l t s  from changes in  nucleopro te ins  du r ­
ing spermatogenes is .  Such changes may a l t e r  the  t e r t i a r y  s t r u c t u r e  o f  
DNA or  o therwise  provide p ro te c t io n  to the DNA by blocking n uc leoph i l ic  
a t t a c k .  A cytochemical a n a ly s is  o f  nuclear  h is tones  in  the honeybee 
(Verma, 1972) has ind ica ted  t h a t  honeybee sperm c e l l s  con ta in  h is tones  
s im i la r  to  those o f  the  somatic c e l l s  and do not  show any t r a n s i t i o n s
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to protamines. Since my da ta  i n d i c a t e  t h a t  DNA from honeybee sperm 
c e l l s  i s  p ro tec ted  from EMS a lk y la t i o n  and in  l i e u  o f  a typ ica l  h is tone  
to protamine conversion in  honeybees, o th e r  changes in  the  nucleo­
p ro te in s  may be r e sp o n s ib le  f o r  providing DNA with p ro te c t io n  from EMS 
a lk y la t i o n .
R e la t ive  d i f f e r e n c e s  through time a f t e r  i n j e c t i o n
As p rev ious ly  mentioned, a r e g re s s io n  s lope  s i g n i f i c a n t l y  d i f ­
f e r e n t  than zero could be d e tec ted  only  in  those i n j e c t i o n  STAGES which 
were sampled through a time per iod g r e a t e r  than 24 hours a f t e r  i n j e c t i o n .
Regression l i n e  s lopes  c a lc u la t e d  f o r  immediately pos tm eio t ic  and l a t e r
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spermatid STAGES o f  the H experiment were negat ive  and s i g n i f i c a n t l y  
g r e a t e r  than zero r e g re s s io n .  The premeio tic  STAGE sampled through a 
s im i la r  t ime per iod showed no s i g n i f i c a n t  r eg re s s io n  s lope .
These r e s u l t s  i n d i c a t e  t h a t  a lk y l a t e d  groups on the  DNA mole­
cu le  a r e  being l o s t  through time a f t e r  i n i t i a l  a l k y l a t i o n  during the 
spermeiogenic per iod (18-24 days ) .  These lo sse s  may have r e su l t e d  
from enzymatic removal o f  a lk y la t e d  bases by an e x c i s io n - r e p a i r  mecha­
nism, d e s t r u c t io n  o f  the  c e l l  o r  a t  l e a s t  the  DNA o f  the  c e l l  due to 
a lk y l a t i o n  e f f e c t s ,  o r  some combination o f  the  two. No such lo s s  1s 
ev iden t  from the per iods  immediately before  and through m eios is .
The decrease  in a lk y l a t i o n s  per  nuc leo t id e  through 72 hours 
a f t e r  i n j e c t i o n  as observed in  the more h ighly  a lk y la te d  postmeiotic  
STAGES, but  not in  the  l e s s  h ighly  a lk y la t e d  premeiotic  STAGES, may 
in d ic a te  a p o s i t i v e  r e l a t i o n s h i p  between i n i t i a l  a l k y l a t i o n  l ev e l s  
and loss  o f  a lk y la te d  groups through t ime.  Such a r e l a t i o n s h i p  would
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be expected i f  DNA molecules  from heav i ly  a l k y l a t e d ,  s e n s i t i v e  STAGES 
o f  spermatogenesis  a r e  being destroyed a f t e r  i n i t i a l  a lk y l a t i o n .  
D es t ruc t ion  o f  DNA molecules could r e s u l t  from a d i r e c t  r e a c t io n  of  
th e  DNA molecule  to  a lk y l a t i o n s  by EMS, such as  massive s c i s s i o n ,  o r  
i t  could r e s u l t  i n d i r e c t l y  through EMS-induced a l t e r a t i o n s  in  the 
c e l l s '  metabolism. A l t e r n a t iv e ly ,  i t  could r e s u l t  from an enzymatic 
exc is ion  mechanism o pe ra t ing  during the  spermeiogenic pe r iod ,  which 
could e f f e c t i v e l y  remove the  a lk y la t e d  groups and r e s u l t  simply in  a 
h igher  percentage of  a lk y la t e d  groups being removed from DNA o f  those  
s tages  where the  number o f  a lk y la te d  groups i s  g r e a t e s t .  Such e x c i ­
s io n ,  in  con junct ion  with mechanisms f o r  r e p a i r  o f  a lk y la t e d  DNA, has 
been r ep o r ted  f o r  numerous organisms (F ishbe in ,  Flamm and Falk ,  1970; 
Drake, 1970; Vogel and Rohrborn, 1970) including  the mouse (Cumming 
and Walton, 1970) and Drosophila .
In mutat ional  s tu d ie s  using Drosophi la ,  the  h ig h es t  mutation 
f requenc ies  a r e  r ep o r ted  in  those sperm samples from c e l l s  t r e a te d  
with EMS in  l a t e  pos tmeiot ic  (spermat id)  and mature sperm s tages  
(Fahmy and Fahmy, 1959). Lee (personal  communication) has observed 
s l i g h t l y  higher  mutation f requenc ies  from Drosophila sperm sampled by 
the  second mating,  th r e e  to four  days a f t e r  t re a tm e n t ,  than  from sperm 
sampled by the f i r s t  mating,  one to  two days a f t e r  t rea tm en t .  A 
s t e r i l e  per iod r e s u l t s  with matings u t i l i z i n g  sperm samples from c e l l s  
t r e a t e d  in immediately postmeiot ic  s tages  o f  spermatogenesis.  Fer­
t i l i t y  r e tu rn s  with l a t e r  matings u t i l i z i n g  sperm samples from c e l l s  
t r e a t e d  in premeiotic  s t a g e s ,  but few i f  any mutat ions a r e  d e tec te d .  
Sega (1970) has repor ted  t h a t  a s l i g h t  in c rease  a l so  occurs in the
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number o f  e thyl  groups per u n i t  o f  DNA from Drosophila sperm c e l l s  
sampled 3-4 days a f t e r  males were fed 0.0125 M EMS as  compared 
with the  number o f  ethyl  groups per u n i t  DNA from sperm c e l l s  sampled 
1-2 days a f t e r  t rea tment .
The techniques  used to sample t r e a t e d  c e l l  s tages  o f  Drosophila 
spermatogenesis ,  however, a r e  not  p re c i s e  enough to  a c c u r a t e ly  d i s t i n ­
gu ish  mature sperm from spermatids and maturing spermatozoa. I f  a 
r e l a t i v e l y  small amount o f  a l k y l a t i o n  o f  mature sperm DNA occu rs ,  as 
my da ta  i n d i c a t e ,  the  s l i g h t  Increase  in  a lk y l a t i o n s  per u n i t  DNA r e ­
ported by Sega and in  mutat ion f requenc ies  observed by Lee may r e p r e ­
s e n t  d i f f e r e n c e s  in  the  e f f e c t  of  p ro g re s s iv e ly  sampling spermatids vs 
maturing spermatozoa r a t h e r  than spermat ids vs mature sperm (Chandley 
and Bateman, 1962). Therefore  the  EMS-induced mutation f requenc ies  
r epo r ted  f o r  Drosophila may a c t u a l l y  be h ig h es t  f o r  spermatids and 
maturing spermatozoans and r e l a t i v e l y  low f o r  mature sperm.
These observa t ions  on EMS-1nduced mutation f requenc ies  during 
Drosophila spermatogenesis  and the r e s u l t s  o f  my in v e s t ig a t io n s  provide 
information about EMS a l k y l a t i o n  and p o s s ib le  r e p a i r .  I f  a f t e r  
a l k y l a t i o n  in  the  s e n s i t i v e  immediately pos tmeiot ic  s tag e  o f  spermato­
genes is  the  a lk y la t e d  groups a r e  removed from DNA by an enzymatic 
e x c i s io n - r e p a i r  mechanism, the  r e p a i r  process  has e i t h e r  been damaged 
or i s  o therwise  i n e f f i c i e n t  in  comparison with exc is ion  to the  po in t  




STAGE A-A/B (15 day)
hours
a f t e r
i n j e c t i o n




of  DNA 
counted
a lk y la t i o n s  
per n u c leo t ide  
x 10~6
MEAN a lk y la t i o n s  
per n u c leo t id e  



































12.56 12.03 ± 0.73
*A11 o f  the  samples recorded in  Table I r e p re s e n t  pooled 
t e s t i s  from each of  th re e  drones r ep re sen t in g  the  same i n j e c t i o n  
s tag e  and d i s s e c te d  a t  the same d i s s e c t i o n  time a f t e r  i n j e c t i o n .
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TABLE I— Continued
STAGE A/B-C (17 day)
hours
a f t e r
i n j e c t i o n




o f  DNA 
counted
a lk y la t i o n s  
per n u c leo t ide  
x 10-6
MEAN a l k y l a t i o n s  
per  n u c leo t id e  















































17.89 14.95 ± 4.18
35
TABLE I— Continued
STAGE C/D (19 day)
hours counts per micrograms a lk y la t i o n s  MEAN a lk y la t i o n s  
a f t e r  minute above o f  DNA per nuc leo t id e  per  nuc leo t ide  




















































STAGE D/E (22 day)
hours
a f t e r





o f  DNA 
counted
a lk y la t io n s  
per nuc leo t ide  
x 10 -6
MEAN a lk y la t io n s  






15.84 17.01 ± 1.64



























TABLE I —Continued 
MATURE SPERM STAGE
hours counts  per micrograms a lk y la t io n s  MEAN a lk y la t i o n s  
a f t e r  minute above o f  DNA per n u c leo t ide  per  n u c leo t ide





0.26 ± 0.16 62.1 0.02
0.47 ± 0.16 58.5 0.04
0.64 ± 0.16 35.0 0.10
13.5
— 16.6 --
1.86 ± 0.16 28.0 0.36
— 21.4 —
1.22 ± 0.15 40.8 0.16
1.13 ± 0.15 29.0 0.21
0.17 ± 0.15 55.9 0.02
3.80 ± 0.18 31.6 0.65
0.055 ± 0.039





STAGE A (15 day)
hours counts  per  micrograms a lk y la t i o n s  MEAN a lk y la t io n s  
a f t e r  minute above o f  DNA per  nuc leo t ide  per  nucleo t ide  
i n j e c t i o n  background counted x 10"6 x 10“ 6
1.46 18.68 9.20
-2 16.31 45.86 41.87 50.31 ± 45.90
69.41 81.80 99.89
0.06 96.03 0.07
6 12.54 56.55 26.10 10.74 ± 13.66
0.54 10.56 6.02
0.04 18.18 0.26
10 3.65 41.41 10.38 24.29 ± 33.28
24.61 46.50 62.30
*A11 o f  the  samples recorded in  Table I I  r e p re s e n t  the  t e s t e s  
from s in g l e  drones.
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TABLE Il— Continued
STAGE EARLY C (18 day)
hours counts  per  micrograms a lk y la t i o n s  MEAN a lk y la t i o n s  
a f t e r  minute above o f  DNA per n u c leo t id e  per n u c leo t ide  






















































































STAGE LATE C (19 day)
hours counts per  micrograms a l k y l a t i o n s  MEAN a lk y la t i o n s  
a f t e r  minute above o f  DNA per n u c leo t ide  per  nuc leo t ide











































































STAGE D/E (22 day)
hours
a f t e r
i n j e c t i o n




o f  DNA 
counted
alkyl  a t io n s  
per n u c leo t ide  
x 10"6
MEAN a lk y la t io n s  
per n u c leo t ide  
x 10"6
1.78 29.51 7.10























STAGE E (24 day)
hours counts  per  micrograms a lk y la t i o n s  MEAN a lk y la t i o n s  
a f t e r  minute above o f  DNA per  n u c leo t ide  per nuc leo t ide


















BEST EQUATIONS FOR PREDICTING ALKYLATIONS PER NUCLEOTIDE 




15 day Y = 8.07881 + 0.65383(HR) -  0.00832(HR2) 0.99412890
17 day Y = 15.96440 - 0.05280(HR) 0.03321301
19 day Y = 34.04530 - 1 . 53036(HR) + 0.01680(HR2) 0.98742803
22 day Y = 16.10548 - 0.00002(HR3 ) 0.88621820
14c- ems
15 day Y = 47.96167 - 3.25250(HR) 0.41854145
18 day Y = 24.12762 - 0.11756(HR) 0.46818725
19 day Y = 20.79448 - 0.44753(HR) + 0.00422(HR2 ) 0.81449672
22 day Y = 12.18218 - 0.21816(HR) 0.64502942
24 day Y 10.58333 - 0.75000(HR) 0.86417698
*r 2 _ r e g re s s io n  sum of  squares 
t o t a l  sum o f  squares
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FIGURE 7. Alkylations/Nucleotide in Mature Sperm Stage from 2 to 72Hours after Injection
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CONCLUSIONS
Through t h i s  s tudy of  d i f f e r e n t i a l  s e n s i t i v i t y  to  EMS a lk y la -  
t l o n  during spermatogenes is  in  th e  honeybee, I have at tempted  to d e l im i t  
the per iods  dur ing which germ c e l l s  a r e  most s e n s i t i v e  to  a lk y l a t i o n  
and to i d e n t i f y  some o f  the probable  c a u s a t iv e  f a c t o r s  o f  t h i s  s e n s i ­
t i v i t y .  The r e s u l t s  o f  t h i s  and o th e r  in v e s t i g a t io n s  suggest  the 
fo llowing conclus ions  r e l a t i n g  to germ c e l l  s tage  response s p e c i ­
f i c i t y  with EMS:
1) I n i t i a l  a l k y l a t i o n  l e v e l s  a r e  s i g n i f i c a n t l y  lower in  pre-  
m e io t ic  s tages  than in  pos tmeio t ic  s tages  o f  spermatogenes is .  
Since few mutat ions  a r e  de tec ted  in Drosophila a f t e r  t r e a t ­
ment of  premeiotic  s tages  with EMS, removal o f  premeiotic  
a l k y l a t i o n s  and r e p a i r  of  t h e i r  damage probably occur during 
the  immediately pos tmeio t ic  s ta g e .
2) The immediately pos tmeio t ic  s tag e  o f  spermatogenesis  i s  a 
s e n s i t i v e  s tag e  where the  h ighes t  l e v e l s  of  a lk y l a t i o n  occur .  
Repair probably occurs  dur ing t h i s  s tag e  f o r  c e l l s  t r e a t e d  in  
the  premeiotic  s tages ,and  such r e p a i r  i s  c o r r e c t .  Excision or 
s c i s s i o n ,  e i t h e r  enzymatic o r  because o f  e th y l a t i o n  i n s t a b i l i ­
t i e s  induced in  the  DNA molecule o r  c e l l ,  causes damage to 
c e l l s  t r e a t e d  a t  t h i s  s tage  t h a t  i s  too ex tens ive  f o r  the  
r e p a i r  system to handle. Loss o f  the DNA molecule occurs ,and 
p a r t i a l  o r  complete s t e r i l i t y  r e s u l t s .
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3) The l a t e r  pos tmeiot ic  s tages  a r e  more s e n s i t i v e  to I n i t i a l  
a lk y l a t i o n  th a t  premeiotic  s tages  but l e s s  s e n s i t i v e  than 
immediately pos tmeiot ic  s ta g e s .  There i s  some loss  o f  DNA 
molecules from c e l l s  t r e a t e d  in  t h i s  s tag e .  S u f f i c i e n t  i n t a c t  
DNA remains,  however, e i t h e r  i n c o r r e c t l y  r ep a i red  o r  r e t a in in g  
a lk y la t e d  groups,  to r e s u l t  in  mutat ions .
4) Mature sperm s tages  a r e  r e l a t i v e l y  r e s i s t a n t  to  EMS a lk y la t i o n .  
When a lk y la t i o n  does occur i t s  damage i s  not  repa i red  and 
mutations  a r e  produced.
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APPENDIX I
DETERMINATION OF ALKYLATIONS PER NUCLEOTIDE
The counts per minute above background per micrograms o f  DNA 
fo r  each sample in  Tables I and II  was conver ted to  a lk y l a t i o n s  per 
n u c leo t ide  using the  following c a l c u l a t i o n s :
1. Determining 3H o r  14C DPM
Counts per  minute (cpm) above background were conver ted to  
d i s i n t e g r a t i o n s  per  minute (DPM) by d iv id ing  the  counts per 




Counting e f f i c i e n c y  f o r  the  H experiment was determined by in -
3
t e rn a l  s ta n d a rd iz a t io n  using [ H] Toluene. Counting e f f i c i e n c y  
14f o r  the  C experiment was obta ined from a predetermined e f f i c i e n c y  
curve produced by c a l c u l a t i n g  count ing e f f i c i e n c i e s  f o r  s c i n t i l l a ­
t i o n  v i a l s  con ta in ing  0.1 to  1.2  ml o f  a DNA-SSC s o lu t i o n ,  10 ml 
of  INSTAGEL, and a known amount o f  [^4C] hexadecane.
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2. Determining a lk y l a t i o n s  per  microgram o f  DNA
The DPM per sample, combined with the  number o f  micrograms o f
DNA counted and the  s p e c i f i c  a c t i v i t y  o f  the  ra d io la b e le d  EMS




the  r a d io n u c l id e  * 2 ' 22  *
where the  s p e c i f i c  a c t i v i t y  o f  the  r ad io n u c l id e  was 269 mc/mM 
f o r  the EMS and 4 .8  mc/mM f o r  the EMS.
3. Determining a lk y l a t i o n  per  nuc leo t ide
The number o f  a l k y l a t i o n s /n u c l e o t ld e  i s  c a l c u l a t e d  from the 
number of  a lky ia t ions/microgram and an e s t im a t ion  o f  the  number 
o f  micrograms/nucleotide  p a i r s  as 8 .75 x 1 0 " ^
A lk y la t io n s /n u c le o t ld e  =
alky ia t ions /microgram x j .-g?.A ,1.0^. mlcrograms/M
6.02 x 10 nucleotides/M
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SUMMARY
E th y l m ethanesu lfonate (EM S)-induced m utations in volv in g  th e yellow  locus 
of Drosophila melanogaster were studied, both w hen the dom inant alleles for yellow  
( y +) and closely linked achaete («c+) were adjacent to  euchrom atin  in  their norm al 
position  on the left end of th e X  chrom osom e and w hen adjacent to  con stitu tive  
heterochrom atin  on th e Y  chrom osom e. A yellow  m utation  w as considered intragenic  
if the adjacent achaete locus w as not affected. The intragenic m utation  frequency did  
not change w ith  the position  of th e yellow  locus in the genom e; however, the to ta l 
m utation  frequency was three-fold  higher w hen th e yellow  locus w as positioned  ad­
jacent to  con stitu tive  heterochrom atin . R esu lts show  th a t an additional class of 
m utations resulting from  chrom osom e breakage accounts for th e  increased m utational 
frequency w hen th e yellow  locus is adjacent to  heterochrom atin.
INTRODUCTION
EMS has been shown to  be a p otent m utagen  in Drosophila melanogaster* 
M ost previous tests  have indicated  that the action  of EM S upon the genom e of D ro­
sophila results prim arily in th e production of point m utations rather than  chrom o­
som e aberrations'1’8-14. H ow ever, w e have previously  reported2 th a t EMS is effective  
in producing breakage of th e Y  chrom osom e of D rosophila. In the present in vesti­
gations, EM S-induced m utations affecting th e yellow  locus of D rosophila were studied, 
both w hen this locus w as located  in its norm al position on  the d ista l end of the  
euchrom atic X  chrom osom e and w hen it w as present as a duplication translocated  
onto th e heterochrom atic Y  chrom osom e. M utations affecting th e yellow  locus on 
both th e X  and Y  chrom osom es were d etected  b y  using specific-locus tests . One 
experim ent (E xp t. I) was designed to  test th e effects of EM S upon yellow  loci in  both  
th e  X  and Y  chrom osom es transm itted  to  F t progeny from the sam e treated  parent.
* P re se n t ad d ress : U .S .D .A ., A .R .S ., S o u th ern  R egion, Miss. V alley A rea, R o u te  3, B o x  82B , 
B en  H u r  R oad , B a to n  R ouge, La. 70808 (U .S.A.).
A b b rev ia tio n : EM S, e th y l m eth an esu lfo n a te .
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It w ill be shown th a t the sam e intragenic m utation  frequency w as observed  
w hen the specific-locus test w as used to  d etect m utations affecting the yellow  locus 
in  its norm al position  on th e d ista l end of th e X  chrom osom e or translocated  adjacent 
to  heterochrom atin  on th e Y  ch rom osom e; however, th e to ta l yellow  locus m utation  
frequency observed when a Y  chrom osom e specific-locus test w as used was m uch  
higher than th a t observed using an  X  chrom osom e specific-locus test. The d etection  
of an additional class of m utations resu lting from chrom osom e breakage accounted  
for th e increase in the observed m utational frequency w hen th e Y  chrom osom e 
specific-locus te st  w as used.
T w o interrelated factors could  h ave contributed  to  th e d etection  of th is  
additional class. T hese were, the position ing of the locus adjacent to  heterochrom atic  
regions such th a t preferential a ttack  upon  heterochrom atin  b y  th e  EM S an d/or  
preferential fixation  of m utations induced  in largely heterochrom atic regions occur­
red, and a differential v iab ility  b etw een  individuals w hich had breakage in eucliro- 
m atic vs. con stitu tive  heterochrom atic regions of the genom e. T hus EM S-induced  
m u tational even ts are preceded as w ell as follow ed b y  secondary step s1. These se­
condary step s, such as gene accessib ility , repair, etc., determ ine w hether a change in  
th e D N A  w ill occur and w hether, once a change has occurred, it  w ill g ive rise to  an 
observable m utation .
METHODS AND RESULTS
Four experim ents were conducted. In  the first experim ent (E xpt. I), 3- to  4- 
d ay-ok l D rosophila m ales w ith  a norm al X  chrom osom e (derived from Oregon-R  stock) 
and a m odified Y  chrom osom e, B s Y y+ ,  l ( i ) J i +-ac+,  were fed 0.025 M  EMS in a 1%  
sucrose so lu tion  b y  th e m ethod of L e w i s  a n d  B a c h e r 12. It has been shown that  
a high level of eth y la tion  of th e D N A  occurs w ith  th is treatm en t19. A fter feeding, 
m ales were allow ed to  age 24 hours before m atin g  for 3 days w ith  hom ozygous  
"w inscy” /« (Y /s c slLsc8R-l-rff-49, y  scsl sc8tc; fem ales15. T his m ating schem e assured  
th a t on ly  postm eiotic  treated  sperm  were tested 3. Fx m ales and fem ales were scored •
for the presence of individuals exh ib itin g  a yellow  bristle (m utant) phenotype. In 
addition , yellow  F x m ales were scored for B ar-Stone (B s) vs. norm al eye phenotype  
and yellow  Iq fem ales were analyzed  for a lterations in vo lv in g  th e achaete lac) and 1
lethal l ( i )  J i  loci.
As w e p reviously  reported11, from  a population  of 50243 lq  fem ales, 114 (16 
com plete and 98 m osaic) m u tan ts (0.23 J- 0.02% )* were d etected  b y  scoring for 
yellow  p henotype (ref. 11, T able I). O nly a fraction of th e p h enotyp ica lly  m osaic Iq 
m utant fem ales had m utant germ  lines as d iscussed in our previous paper11. H ow ­
ever, all of th e 16 phenotyp ica lly  com plete Iq m utant fem ales had m utant germ  lines 
and tran sm itted  the m utation  to  their Iq progeny. Y ellow  m utant lines were success­
fu lly  estab lished  from  11 of th e 16 p henotyp ica lly  com plete m utant fem ales ("com ­
plete lin es”) and from  20 of th e 98 phenotyp ica lly  m osaic m utant fem ales ("m osaic 
lin es”) b y  balancing the m utant X  chrom osom e w ith  I n ( i ) s c SUjscSR +  d l - j y . y  scs l scH 
w sn X2B  (ref. 15).
U p on  testin g  th is sam ple of 31 m u tan t lines b y  the techn ique of deletion m ap-
* M u ta tio n  frequencies a re  re p o rte d  as th e  m ean  p e rcen tag e  ±  one s ta n d a rd  dev ia tion .
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A ltera tion  o f y + on ly  A lteration  o f  at least 
Completes M osaics two dom inant genes 
Completes M osaics
Total m utations
I-Y B &Yy+, l ( i ) l r v-ac+ 30293 45 39 134 21 239 (0.79 ±  0.05% )
ir -Y B ^ Y y f  l ( i ) l i +-a c +K sl~S2~ 3639 5 5 24 2 36 (0.99 ±  0 .16% )
I I f - Y a Y L -5CS1, l ( i ) l i+ - a c + 7102 5 15 37 15 72 (1.01 ±  0 .12% )
IV I n ( i ) s c 8 2010 0 0 —  7 — 7 (°-35 ±  0 .13% )
a D a ta  in  E x p t.  I I I - Y  w ere o b ta in e d  by  pooling re su lts  from  a  scries of te s ts  w ith  d iffe ren t exposures to  EM S.
ping using the deletion  D / ( i ) E N hscBR, l j i ~  y~  no concom itant effects of the
m utagen  upon th e closely lin k ed 21-22 but separable7 achaete locus to  the right or the  
leth al J -l locus to  th e  left of yellow  were noted. Further, no inversions were observed  
in  sa livary gland chrom osom e preparations from m utants of th is sam ple. Sim ilar 
results were obtained  w ith  a sam ple of w hite locus m utants from th e above population  
of 50243 lq  fem ales. In  th is case, w hite m utant lines were successfu lly  established  
from 52 of 217 F x m u tan t fem ales. Of these 52 w hite m u tan t lines, all were intragenic  
since none showed a concom itant effect upon lethals to  the im m ediate right or left of 
th e w hite locus w hen tested  against the deletions D f ( i ) w x3B and D f ( i ) w TJ1, re­
sp ectively . T hese d ata  are con sistent w ith  the generally  held opinion th a t EMS is a 
producer of point m utations but produces few  chrom osom e aberrations.
Concurrent w ith  the d etection  of I t  fem ale m utants in th is  in itial experim ent, 
239 Iq yellow  m utant m ales were detected  from a m ale population of 30293 (0.79  
0.05% ) (Table I, E xp t. I-Y ). 84 of these m utants (45 com plete and 39 m osaic) had  
alterations affecting the y +  marker on ly  (y  B s p henotype), w hile 155 (134 com plete  
and 21 m osaic) exh ib ited  norm al eye p henotype in addition  to  the yellow  pheno­
typ e  (y).  The to ta l m utation  frequency (0.79 -I- 0.05% ) in th e m ale population  
from th is in itia l experim ent is sign ificantly  higher (P  <  0.01) than  the to ta l m utation  
frequency (0.23 +  0.02% ) n oted  previously in the fem ale population. The increase 
m ay have been due to  d etection  of an additional class of m utations, or a lternatively , 
to  an increase in  the m utation  rate w ith in  the yellow  locus.
It is assum ed th a t at th e low  m utation  frequency observed, m utations in volvin g  
an a lteration  of tw o dom inant genes located  on the sam e chrom osom e are th e result 
of a single chrom osom e aberrational event, i.e.,  not intragenic. In th e d ata  from the  
in itia l experim ent, deletions in vo lv in g  on ly  one arm of th e Y  chrom osom e and point 
m utations at on ly  th e yellow  or Bar locus were indistinguishable. As a result, the  
true intragenic m utation  frequency and the cause of th e increase in che to ta l m utation  
frequency of th e lq  m ale population  could n ot be determ ined. Therefore, a second  
experim ent (E xp t. II-Y ) w as perform ed w hich allow ed d etection  of a lterations in­
vo lv in g  both  the y + and ac+ m arkers translocated  to  the short arm of the Y  chrom o­
som e as w ell as alterations of the dom inant B ar-Stone (B s) m arker translocated  to  
the long arm.
The d a ta  for th is experim ent were obtained  in conjunction  w ith  a larger ex ­
perim ent testin g  for m osaic lethals. The le th a l-test system  of L e e , S e g a , a n d  B e n s o n
* D f ( j ) E N Jjsc6Jl w as o b ta in e d  th ro u g h  th e  selection  of a  c rossover be tw een  th e  left b re ak  p o in t 
of I n ( i ) E N  a n d  th e  r ig h t b re ak  p o in t of I n ( i ) s c 8.
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(ref. 10) w as used  and the stocks em p loyed  in th is  system  have been previously de­
scribed and g iven  an alphabetical d esign ation 10. This test system  for lethals requires 
th a t all v iab le lq  m ales be sterile. To perm it com p atib ility  w ith  th is test system  and  
sim u ltan eou sly  accum ulate d ata  for E xp t. II-Y  regarding alterations of y+ , ac+ and  
B s m arkers on  a Y  chrom osom e, it w as necessary to  su b stitu te  m ales carrying  
B sY y +, l ( i ) J i +- a c + K S i ~  K S 2 ~  Y  chrom osom e for the Y L- s c s l , y+  ac+ bb+j 
X -  Y s, I n ( i ) E N 2 , f  (CD) parent m ales of the test system . The B s Y y+ ,  l ( i ) J i +-a c +  
K S i ~  K S 2-  chrom osom e w as derived b y  W il l i a m s o n 23 from th e B sY y + chrom osom e 
used  in E xp t. I and differs on ly  in an EM S-induced m inute deletion  of tw o fertility  
factors on the short arm. These m ales were fed 0.025 M  EMS by th e m ethod of L e w i s  
a n d  B a c h e r 12 and m ated  to  I n ( i ) s c s, sc8 l B j I n ( i ) d l - 4g +  B M1, y  ac v B U1 (F X O) 
au tom atic virgins. O nly one class of v iab le lq  m ales was produced, those w ith  the  
m aternal X  chrom osom e containing th e  m u tan t genes for yellow , achaete and Ver­
m illion. These sterile lq  m ales were scored for loss of th e dom inant genes (y+, ac+, B s) 
on th e Y  chrom osom e.
From  a population  of 3639 lq  m ales, 36 (0.99 +  0.16% ) yellow  m utants were 
d etected . 10 (5 com plete and 5 m osaic) of these yellow  m utant m ales showed no si­
m ultaneous a lteration  of th e B s or ac+ genes (y  ac+ B s p henotype). Therefore, 28%  
(10/36) of th e m utant population  w as intragenic, g iv in g  an intragenic m utation  fre­
q uency of 0 .27 rh 0.09%  (10/3639). Of the rem aining 26 lq  yellow  m ales, 24 (all com ­
pletes) were y  ac w hile 2 (both m osaics) had an alteration  of th e ac+ m arker but 
retained the B s m arker (y  ac B s phenotype!.
A  sim ilar intragenic m utation  frequency w as also observed in th e d ata  from a 
third series of Y  chrom osom e specific locus tests  (E xp t. I I I - Y ; see footn ote , Table I). 
In  th is experim ent, adult Y h 'scs i , l ( i ) J i +- a c +/ X - Y s, I n ( i ) E N s ,  f  (C x D )  ref. 10) 
m ales carrying the dom inant for both  th e yellow  ( y 1) and achaete (ac+) loci trans­
located  adjacent to  heterochrom atin  on  th e Y  chrom osom e were treated  w ith  EMS. 
A fter treatm ent these m ales were allow ed to  age 24 h before m ating to  I n ( i ) s c s, 
scs I B / I n ( i ) d l - 4 g  +  B M1, y  ac v B M1 (F x O )  fem ales carrying recessive m utants for 
b oth  yellow  and achaete on an X  chrom osom e. The lq  m ale population  w as then  
checked for individuals h av in g  a yellow  (y) or yellow -achaete [y  ac) phenotype. 
81 (42 com plete and 39 m osaic) phenotyp ica lly  yellow  m ales were d etected  from an Iq 
m ale population  of 7111.
9 yellow  m osaic m ales could n ot be classified for a concom itant achaete pheno­
typ e  because th ey  were n on-m u tan t in th e dorsal m esonotum  region. Therefore, these  
9 m osaic m ales were om itted  from  th e analysis and Table I, E xp t. III-Y . Of the  
rem aining m utant population, 20 lq  m ales were classified as y  ac+, resulting in  an 
in tragenic m utation  frequency of 0.28 4 - 0.06%  (20/7102). The rem aining 0.73 +  
0.10%  (52/7102) of a to ta l m utation  frequency of x .o i 4 - 0 .12%  w as com posed of 
y  ac individuals. Thus a class of m utations resu lting from chrom osom e aberrational 
even ts  w as seen in th e Y  chrom osom e specific locus tests  of E xp ts. I, II  and I II , but 
w as not observed in the in itia l X  chrom osom e specific-locus test data.
To in vestigate  the possib ility  th a t p osition ing th e yellow  locus adjacent to  
heterochrom atin  contributed  to  an increase in the frequency of observed chrom osom e 
aberrations n oted  in the above Y  chrom osom e specific-locus tests , another X  chro­
m osom e specific-locus test w as perform ed (E xpt. IV ). D rosophila m ales h av in g  an 
X  chrom osom e contain ing a scB inversion in w hich heterochrom atin  is adjacent to
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the yellow  and achaete loci in  their norm al position  at th e d ista l end of the X  chro­
m osom e were treated  w ith  EM S. 7 yellow  fem ales were detected  from an F x fem ale 
population of 2010 (0.35 -1- 0.13% ). This population  of m u tan t I7! fem ales probably  
om itted  part of th e Iq m u tan t population  w ith  X  chrom osom e aberrations because it did  
n ot include individuals resu lting from a com plete loss of th e sc8 X  chrom osom e. These  
individuals w ould be X O  m ales indistingu ishable from m ales h av in g  alterations of all 
Y chrom osom e m arkers. More im portant, how ever, is th a t all 7 lq  yellow  fem ales 
d etected  were found to  be ac, in d icating th a t a t least tw o loci were deleted  as a 
consequence of chrom osom e breakage. These results, w hen com pared to  those of th e  
in itia l X  chrom osom e specific-locus test where all of the 31 yellow  m u tan t fem ales  
were intragenic, ind icate th a t heterochrom atin  n ex t to  th e locus enhances th e  fre­
quency of observed chrom osom e aberrations.
DISCUSSION
A s suggested  b y  th e results of E x p t. IV , one possible exp lanation  for th e in ­
crease in frequency of observed chrom osom e aberrations in  th e lq  m ale population  
of E xp ts. I, II  and I I I  is th a t p lacing th e gene n ex t to  heterochrom atic m aterial in ­
creases th e frequency of chrom osom e breakage and/or m utation  fixation . A  tendency  
for chrom osom e aberrations induced b y  EM S to  be associated  w ith  regions of hetero­
chrom atin  has been observed in V icia as review ed b y  L o v e l e s s 10. A second e x ­
p lanation  for these results is th a t in D rosophila th e X  chrom osom e specific-locus test  
selects against detectab le chrom osom e aberrations. Chrom osom e aberrational even ts  
in vo lv in g  th e treated  X  chrom osom e can produce deletions in or cause a to ta l loss 
of th is chrom osom e. D eletion  of euchrom atin usually  produces dom inant lethals  
w hich are n ot d etected  in th e X  chrom osom e specific-locus test. Loss of th e  entire 
treated  X  chrom osom e, on the other hand, can result in  p h en otyp ica lly  com plete  
m utants w hich are viable but sterile X O  m ales. T hese individuals are in distingu ish ­
able from  com plete m utants h aving  a to ta l loss of th e treated  Y  chrom osom e.
It is possible th a t som e entire X  or Y  chrom osom e loss is due to  th e action  
of th e m utagen on th e m itotic  apparatus. H ow ever, it is m ore probable th a t m ost 
phenotyp ica lly  com plete m utants in vo lv in g  alterations of all Y  chrom osom e m arkers 
are th e result of entire X  or Y  chrom osom e loss in itia ted  b y  som e ty p e  of chrom osom e 
breakage event. The fact th a t EM S does cause som e breakage and subsequent loss 
of both tip s of the Y  chrom osom e, p ossib ly  follow ed w ith  ring form ation17 b y  th e  
rem aining Y  chrom osom e parts, was shown b y  th e presence of a y  m ale in  E xp t. 
I-Y  w hich w as fertile and transm itted  th e m utation  to  his lq  progeny. M ost of th e  
158 p h enotyp ica lly  com plete m utants w hich had lost all Y  chrom osom e m arkers, 
134 in E xp t. I-Y  and 24 in E xp t. II-Y , probably resulted from  com plete loss o f th e  
X  or Y  chrom osom e.
A predom inance (158/181 =  87% ) of th e test m utants in  E xp ts. I-Y  and II-Y  
w ith  alterations in vo lv in g  tw o or m ore dom inant genes was d etected  as yellow  com ­
pletes. This is in agreem ent w ith  earlier ev idence9 th a t m ost com pletes are th e result 
of chrom osom e aberrations.
Since phenotyp ica lly  m osaic individuals resu lting from entire X  chrom osom e 
loss are gynandrom orphs, m osaic losses o f the entire Y  chrom osom e can be d istin ­
guished  from  m osaic losses of th e entire X  chrom osom e. M osaic losses of an entire
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chrom osom e also represent chrom osom e aberrational even ts which are probably  
in itia ted  by chrom osom e breakage. The 21 m osaic y  m ales of E xp t. I-Y  are of this  
class, w ith  aberrations in vo lv in g  th e Y  chrom osom e.
A ccording to  C h e n 4 and P a r k s 18 th e op tic  bud d erivatives develop  in to  the  
com pound eye and th e dorsal part of the head (vertex). Therefore, one w ould  exp ect  
the head region to  be either y j y + B s, y j y  or y + B s / y + B s. H ow ever, 2 of th e 21 
phenotyp ica lly  m osaic m ales of E xp t. I-Y  were found to  h ave a B ar-Stone eye  
p henotype and yellow  vertex  bristles on one side of the head and a norm al eye and  
norm al vertex  bristles on th e other (y  B s /y +). A possible exp lanation  for the form ation  
of these and other gen etica lly  com plex m osaics0 is th a t isochrom osom es h ave been 
form ed through chrom osom e aberrational even ts sim ilar to  those described by  
W i l l i a m s o n 24 and L e i g h  a n d  S o b e l s 13.
N o m osaic losses of an entire Y  chrom osom e were found in E xp t. II. H ow ever, 
2 m osaic m ales w ith  a y  ac B s p henotype were d etected  in E xp t. II . These m ust 
have resulted from a chrom osom e breakage even t w ith  th e loss of one arm of the
Y  chrom osom e. The d etection  of these 2 in dividuals is evidence th a t EM S can produce
Y  chrom osom e breakage w ith ou t loss of th e  entire Y . The 23 m osaic m ales (21 in 
E xp t. I-Y  and 2 in E xp t. II-Y ) w ith  alterations of tw o dom inant genes corroborates 
previous d ata9-20 th a t m osaics can be produced as the result of chrom osom e aber­
rations.
The d etection  of a class of m u tan ts resu lting from  chrom osom e aberrations 
can account for the m ore than  three-fold  increase (0.79%  for th e Y  chrom osom e 
specific locus test vs. 0 .23%  for the X  chrom osom e specific locus test) in th e observed  
m utation  frequency n oted  in th e lq  population  of E xp t. I where both  m ale and fem ale  
progeny scored were from th e sam e treated  parents. Since th e m utation  frequencies 
observed in E xp t. I-Y  and II-Y  (0.79 ±  0.05%  and 0.99 +  0.16% , respectively) are 
not sign ificantly different, one can assum e th a t th e true percentage of intragenic  
m utations am ong the m utant population  for E xp t. I-Y  approaches the 28%  observed  
in E xp t. II-Y . Therefore, 67 (0.28 x  239) of th e m utants in  E xp t. I-Y  should h ave been 
intragenic and the to ta l intragenic m u tation  frequency for th is test w ould be 0.22%  
(67/30293). This intragenic m u tation  frequency is n ot sign ifican tly  different from the  
0.23 +  0.02%  m utation  frequency observed in th e in itia l X  chrom osom e specific- 
locus test, indicating th a t th e d etection  of an additional class of m utations accounts  
for the increased m utation  frequency observed w hen a Y  chrom osom e specific-locus 
test is used.
The detection  of th is additional class when the Y  chrom osom e specific-locus 
test is used can be exp lained  b y  an increase in  th e frequency of chrom osom e breakage 
and recovery due to  the close proxim ity  of th e  gene to  heterochrom atin  and/or the  
more viable nature of individuals w ith  aberrations in  a largely heterochrom atic  
chrom osom e or chrom osom e region. R egardless of th e cause, a sh ift in th e m utational 
spectrum  is observed w hen th e position  of th e gene w ith in  the genom e is changed. 
This suggests that conclusions about observed m utational spectra based on one or a 
few  loci can be m isleading.
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SUMMARY
This stu d y  show s th a t 2 com m only held  exp lanations for m osaics induced  b y  
treatin g p ostm eio tic  sperm atozoa w ith  chem ical m utagens are in con sisten t w ith  an  
analysis of th e percent of m u tan t tissu e produced in th e  F t. The first m odel tested  
assum es th a t m osaics are th e resu lts of altering one strand of th e  D N A  double helix  
so th a t there w ill be an equal num ber of m utant and nonm utant nuclei follow ing  
sem iconservative replication. The second m odel assum es th a t a lkylation  of a base in  
D N A  will cause a fixed  probability  of base pairing m istakes and m ay produce a 
m utation  a t an y  replication. In  phage th e  probability  of m ispairing follow ing a lk yla­
tion  is low  so th a t a m utation  lik e ly  occurs on ly  once in 8 replications; therefore, m ost 
of th e  m utations are fixed  after th e first 2 d ivisions. If D rosophila is sim ilar to  phage, 
th e m ean frequency of m u tan t n uclei and th e frequency d istribution  of m osaics b y  
class of percent m utant tissue w ill be d istin ctly  different for th e 2 m odels.
M ales were fed  eth y l m ethanesu lfonate and m utations were d etected  in th e  F x 
b y  th e specific locus m ethod  a t th e yellow  (y ) and white (w) loci. A greem ent betw een  
th is  experim ent and previous work w ith  m osaics produced b y  chrom osom e aberra­
tions w as found in th a t th e germ  line d eveloped  from  a sm all sam ple of poorly m ixed  
nuclei th a t w as independent of th e p h en otyp e of head  and thorax. The la tter  finding  
allow ed a se lection  of m osaics to  be m ade independent of th e  germ  line, and  a  m ethod  
of analysis w as developed  for flies se lected  because th e y  were m osaic in  th e  head  or 
thorax. A nalyses of resu lts from  th e ey e  m osaics in  th is experim ent and from  3 
experim ents w ith  th e  d u m p y  (dp )  locus previously  reported b y  others but n ot analyzed  
in th is w ay  were in con sisten t w ith  b oth  original m odels. T he average percent of 
m utant p h en otyp e am ong th e yellow  m osaics observed in th is  experim ent w as also  
found in con sisten t w ith  both  original m odels, and a frequency d istribution  of m osaics 
classified b y  percent of m u tan t tissu e w as in con sisten t w ith  b oth  original m odels and  
a com bination  of th e  tw o; therefore, b o th  of our in itia l m odels and  a com bination  
of th e  tw o were rejected.
T he d ata  are consistent w ith  d elayed  m utation  in w hich an a lk y la ted  base has
* S u p p o rted  b y  A EC  G ra n ts  A t-(40-i)-3645  a n d  A T-(40- i )-3728 a n d  P u b lic  H e a lth  Service 
R esearch  G ra n t  No. ES00320.
A b b re v ia tio n : EM S, e th y l m e th an esu lfo n a te .
M u ta tio n  Res., 9 (1970) 323-336
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about a 50%  probability  of m ispairing at each replication and producing a fixed  
m utation  or w ith  a m ultistranded  m odel in  w hich th e p ostm eiotic  eukaryote chrom o­
som e contains 2 parallel D N A  m olecules for each locus.
INTRODUCTION
Chemical m utagens produce a large proportion of m u tation a l even ts in  which  
a treated  haploid  cell produces b oth  a stable m utant and stab le nonm utant cell 
lineage (for a review  see A u e r b a c h 2 and L o v e l e s s 10). In th e  case of m icroorganism s 
th is  ev en t is observed  as sectored  colonies or m ottled  p laques, w hereas in  m ulti- 
cellular organism s th e treatm en t of a p ostm eiotic germ  cell produces m osaic progeny  
w ith  b oth  stab le m utant and stable n onm utant tissue. I t  is th e sta b ility  of b oth  the  
m utant and nonm utant cell lineage th a t d istinguishes th is class from  variegation  
due to  p osition  effects, insertional translocations, gene environm ent in teractions, 
e.g., tem perature m utants (S u z u k i  et a /.20), and possible gene in stab ility  as p ostu lated  
b y  A u e r b a c h 2. A cell lineage consisting of both  stab le m u tan t and nonm utant cells 
m ay be th e  resu lt of altering one strand of th e D N A  double h elix  possib ly  b y  depuri- 
nation  or chain breakage so th a t follow ing one m ito tic  d ivision  w ith  sem iconservative  
replication, there w ill be b oth  a m utant and a nonm utant nucleus (M u l l e r  et a /.20). 
T hen w ith  replication  w ith ou t se lection  there w ould be produced a clone w ith  equal 
num bers of stab le  m u tan t and n onm utant cells. An a lternate exp lan ation  is th a t of 
delayed  m utation  (G r e e n  a n d  K r i e g 10, K r i e g 13, F r e e s e 8, and L o v e l e s s 10) w hereby  
a base of th e  treated  D N A  is a lk ylated  g iv in g  rise to  a tautom eric sh ift so as to  
increase th e  probability  of im proper pairing during th e D N A  replication . In  experi­
m en ts in  w hich phage were treated  w ith  th e a lk ylating  agen t EM S G r e e n  a n d  
K r i e g 10 found  th a t th e probability  of m isreplication was so low  th a t it  seldom  
occurred m ore th an  once during th e  approx. 8 replications in  th e  host bacterium  of a 
single burst experim ent. Therefore, th e  average m utant fraction  of a clone was very  
sm all follow ing a single burst experim ent. To d istinguish  b etw een  these 2 exp lan ations  
for th e  eukaryotes, Drosophila melanogaster sperm atozoa w ere treated  w ith  EM S and  
their progeny analyzed  for m utant and n onm utant tissu e in m osaics at th e  yellow (y ) 
or white  (w) loci. In  addition , resu lts from  experim ents w ith  m osaics a t th e  du m py  
{dp) locus conducted  in  E l o f  C a r l s o n ’s laboratory b y  h is stu d en ts h ave been m ade  
availab le to  us for analysis and com parison w ith  our results.
MATERIALS AND METHODS
3- to  4-day-old  D rosophila m ales w ith  a norm al X -chrom osom e derived  from  
th e  O regon-R  stock  and a m odified Y -chrom osom e B SY  y +  (form ally lis ted  as sc8y+  
Y  B &) were fed  EM S in a  1% sucrose solution  b y  th e m ethods of L e w i s  a n d  B a c h e r 10. 
A fter feeding, m ales were allow ed to  age 24 h before m atin g  for 3 days w ith  
I n ( i ) s c slJjscn i -\-dl-49, y  scsl sc8 w  “w in scy” 17 fem ales. T his m atin g  schem e assured  
th a t on ly  postm eiotic  treated  sperm  were used. Iq m ales were scored for loss of one 
or b oth  m arkers on th e m odified Y -chrom osom e and Iq fem ales for v isib le m utations  
at th e white wad. yellow  loci. T he phenotypes of yellow  m osaics w ere analyzed  according  
to  th e  m ethod  of P a t t e r s o n  a n d  S t o n e 21, w ho used  42 regions of th e ad ult body
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surface as show n in Fig. i .  Each of th ese  42 regions either developed  from  a single 
im aginal d isc or from  a separate region of an im aginal d isc where it was apparent 
from em bryological considerations th a t th e  im aginal d isc consisted  of a com plex of 
several buds. M osaic fem ales were first drawn on a diagram  as show n in Fig. 1 and  
then  recorded in T able II w ith  each region representing an im aginal disc recorded  
as follow s: — , for th e  m u tan t yellow ; +> for th e  gray w ild -typ e; and + ,  for a m ixed  
region contain ing both  m u tan t and nonm utant tissue. T his com pact m ethod  of record­
ing m osaics perm its th e reconstruction of any m osaic’s diagram  b y  com paring the 
n otation  in T able II to Fig. 1.
>3
El
Fig. 1. O u tlin e  of fly on w hich m osaic p a tte rn s  w ere d raw n  show ing th e  42 regions of th e  a d u lt  
b o d y  su rface  used  in  T ab le  I I  (by S k y  B .  B i s h o p ).
An effort w as m ade to  obtain  progeny from each m u tan t F t fem ale. If m utant  
progeny were obtained , a stock  w as m ade b y  balancing th e  m utant-con ta in in g  
X -chrom osom e w ith  an a ttach ed -X  stock  (y  f :  — ) if th e m u tan t X -clirom osom edid  
n ot contain  a leth al or if a recessive leth al w as present w ith  /M (r)scslLscSR-|-rf/-49, 
y  scsi scH w  sn xS B. A  sam ple of nonm utant I7! fem ales was taken  from each v ia l and  
used  for a sex-link ed  recessive leth al test b y  brooding one fem ale per v ia l and scoring  
th e F 2 for absence of m ales w ith  the treated  X -chrom osom e.
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RESULTS
A to ta l of 50243  Fj fem ales w as scored for v isib le m utations at th e white  and 
yellow  loci w ith  331 excep tions observed. T he d istribution  of th e 331 excep tions as to 
com p lete or m osaic and locus is shown in T able I. The increase in  th e  percentage of phe- 
n otyp ica lly  com p letely  m utant observations at th e white  locus (51% ) over th e com ­
p lete ly  yellow  p h enotype (14%) is con sistent w ith  previous findings ( L e e  et a l.u  and 
G a r c i a - B e l l i d o  a n d  M e r r i a m 9) th a t th e  eye im aginal disc represents a very  small
T A B L E  1
NUMBER OF MUTATIONS OBSERVED AT EACH SPECIFIC 
LOCUS IN A POPULATION OF 5 0 2 4 3  F ,  FEMALES
Locus Complete m utan t M osaic m utan t
Yellow 16 (14% ) 98 (86% )
W hite i n  (51% ) 106 (49% )
sam ple of th e original cleavage nuclei. Therefore, m an y flies th a t are phenotyp ica lly  
com p letely  m utant in th e eye  are m osaic in other tissu e th a t cannot b e scored for 
th e  w hite p h en otyp e “m asked m osaics” ( B r o w n i n g  a n d  A l t e n b u r g 6). Since a 
m eans for determ ining physical dosages of th e  chem ical m utagen  in th e  germ line 
has n ot been perfected, th e sex-link ed  recessive lethal test w as used  as a biological 
dosim eter. A sex-linked  recessive lethal rate of 31%  w as observed am ong 3134 chro­
m osom es tested . A m ong 2159 nonlethal F2 cu ltures, 15 v isib le  m u tan ts a t th e  white 
locus were observed “cryp tics” ( C a r l s o n 6) w hile none were observed  a t th e  yellow  
locus.
The greatest am ount of inform ation on m osaics can be obtained  from  those  
m osaics scorable as either m utant or non m utant p h enotype in all 42 regions listed  
in T able II. Som e of these regions in th e head and thorax and ventral portion of the  
abdom en can on ly  be scored on th e  basis of th e color of th e  bristles. U nfortu nately  
som e of the m utants induced at th e yellow  locus b y  EM S do n ot su fficiently change 
bristle p igm entation  to  allow  accurate scoring even though th e cuticu lar p igm entation  
is defin itely  m utant. This w ould be th e case, e.g., w ith  th e w ell know n m utant yellow -2  
which is not readily scored in th e head, thorax, and ventral portion of th e  abdom en. 
Therefore a yellow  m osaic, w hen found, was com pared in a three-w ay com parison  
te s t  w ith  a fly  of yellow , yellow -2, and norm al p henotype and on ly  th ose w ith  bristles  
sign ificantly  lighter than  the norm al and ycllow -2  were used  for analysis o f th e d istri­
bution of th e yellow  p henotype in th e m osaic. There were 66 of th e 98 yellow  m osaic 
Fj fem ales w ith  bristles satisfactory  for scoring (Table II). The accuracy of th is  
scoring was checked b y  p henotypic fidelity  tests  wherein of those picked  for analysis  
th a t produced m utant progeny, all had bristles th a t cou ld  be d istingu ished  from  
normal.
To separate m u tan ts th a t becom e fixed  during cleavage from  those th a t becom e  
fixed  during grow th of th e im aginal disc, w e in itia lly  adopted  one com p letely  m utant 
or tw o partia lly  m utant im aginal discs as a m inim um  for recording a cleavage  
m osaic. T his arbitrary d ivision  proved unnecessary as th e resu lts show ed tw o  distinct 
distributions. M osaics of less than  one im aginal d isc u su a lly  consist of one or only  
a few  m utant bristles, an occurrence w hich is th e result of m u tan ts th a t becam e fixed
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T A B L E  I I
F t FEMALES MOSAIC FOR y e l l o w
P ro g e n y  re le rs  o n ly  to  F 2 fem ales h e te ro zy g o u s fo r th e  tre a te d  chrom osom e. S y m b o ls : — , yellow  
p h e n o ty p e ; + ,  n o rm al p h e n o ty p e ; , m ixed  region. co n ta in in g  b o th  m u ta n t  a n d  n o n m u ta n t
tis su e ; Vx, v e r te x ;  An, a n te n n a ;  P b , p ro b o sc is; H , h u m eru s ; L , leg; W , w ing ; M, m eso n o tu m ; 
Sc, scu te llu m ; D, d o rsa l; V, v e n tra l;  S, segm ent.
H E A D T H O R A X
UJ
5 r r 1 LEFT 1 RIGHT
/a
0 LEFT RIGHT LEFT RIGHT S2 S3 I S4 S5 S6 S7r  s2 [S3 LS4 1 S5 1 S6 S7 y
Ui
D DV D\iD n w n y Dy £) y Q y Qphenotn y + VxAnPbVxAnPb HL- w MScL-2L-3 HL- WMScL-?L-3 V u Vu •type
1 21 4 4 4 f f 4 f 4 4 4 4 4 4 4 4 4 4 4 4 f 4 4 f 4 4 4 - 4 - 7 Z - 4 - 7 ± 4 4 4 4 £ 16
2 11 4 4 4 4 4 4 —4 4 4 —4 4 4 4 4 4 4 4 4 - 4 4 —4 - 4 - 4 —— —- - —± —- 4 45
3 19 4 4 4 4 4 4 —4 4 4 4 4 4 —4 ———4 4 —————- —————— ————————— 64
4 25 4 4 4 4 4 4 4 4 4 4 4 4 4 —4 - ——4 4 4 4 4 4 4 4 4 4 4 4 —— ————————— 38
5 31 _ —————————————4 ———4 4 — ———————~ —4 —4 —4 —4 —± —4 79
6 31 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 —4 —4 ± 4 4 4 ± —- - — 18
16 4 4 4 4 4 4 —4 - - - —- —4 - ——4 ——————- - —————- —- ——- ————| 79
g 1] 4 4 4 4 4 4 —- - - - - —4 4 4 4 4 4 4 ———————- ———4 4 ± 4 4 4 4 4 4 4 ± 43
9 2i 4 ——4 4 4 — —————4 4 4 4 4 4 4 ———————————————4 —————— 71
IP 21 4 4 4 4 4 4 - - ± ± 4 ——- —4 4 4 ———4 - 4 - ± - ± ———- 4 —4 —4 - 4 - 4 Zl 56
11 11 + 4 4 4 4 4 4 4 4 4 4 4 ——4 —± 4 4 4 —————- - ———- —~ ± —± ± 4 4 4 ± 4 42
<2 17 4 4 4 4 4 4 4 4 4 + —4 4 4 4 —± —4 4 4 4 —4 •f 4 4- 4 —4 —4 4 —4 ————— — 39
13 2 4 4 4 4 4 4 ——- ————4 4 4 4 4 4 4 4 - 4 - —————- —4 —4 - —Z - —— j- 60
14 S 4 4 4 4 4 4 - 4 ——- 4 4 4 4 4 4 4 4 4 ————± ——————4 —± 4 4 —4 —4 — 46
IS 3 4 4 4 4 4 4 4 4 - 4 4 4 4 4 4 4 4 4 4 4 —4 - 4 —4 —4 —4 ~ 4 4 4 4 4 4 4 4 4 — 20
IP 1 4 4 4 4 4 4 —- —————4 4 4 4 4 4 4 ———- —- —————4 4 ± 4 ± 4 4 4 ± 4 — 48
17 6 4 4 4 4 4 4 4 4 4 4 4 4 4 —4 ———4 4 4 4 4 4 + 4 —4 —4 ——4 —4 Zi4 4j 4, — 32
IB 4 — ————4 4 4 4 4 4 4 —— - ———4 4 4 4 4 4 4 4 4 4 —- ———■7 — -■—- — 60
19 3 1 ——————4 4 4 4 4 4 4 4 —4 4 4 —4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 7 4 E 4 4 4 4 19
1 20 1 6119 4 - _ 4 4 4 - —————4 4 4 + 4 4 4 4 - 4 —- ——- —d d 4 rJ ± ±1±j± ±j± ± ± ± 45
21 4 ———4 4 4 ——————4 4 4 4 4 4 4 — _ — — 3 4 4 4 4 4 4 4 4 4 4 — 52
22 1 4 4 4 ——4 4 4 4 4 4 4 4 ——4 4 4 ——4 4 4 4 4 —4 —4 n 4 4 4 ± 4 4 4 —4 4 4 _ 29
23 4 4 4 4 4 4 +- 4 4 4 4 —4 4 4 + 4 4 4 4 - ——± - - 4 4 7 4 4 4 ± ± ± 4 4 4 £ £ 4 18
24 — —4 4 4 4 4 4 ± 4 4 ———— —_——4 —4 —4 4 4 4 4 4 4 ± 4 4 4 4 —4 n —— 48
25 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 + 4 4 4 4 4 4 4 4 4 4 4 4 ± 4 4 ii— ZiE Zi1=Zi— 21
26 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 -t- 4 4 4 4 4 4 4 - ± 4 4 4 P 4 S 4 4 s ± a 4 ±14 4 4 4
27 ——_ —- ———- - - —— ——— 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 ± 4 4 48
29 —_ _ _ _ _ _ _ - _ _ _ T ___ 4 4 4 4 4 4 4 4 4 ±1± ±j 4]±1± a 4 4 4 4 4 49
29 —- 4 4 4 4 —-
± £ —4 4 —4 £ + ± 4 4 4 4 4 ± 4 —4 ±j ±
~
4 a a 4 4 ± 4 39
30 4 ——4 4 4 4 4 - ——4 4 4 4 4 •H+ 4 + ———————- 4 4 4 4 ± I 4 4 4 4 4 38
31 4 4 4 4 4 4 4 4 _ 4 f 4 4 4 4 4 +- + 4 4 4 4 4 4 4 4 4 4 4 3 ± 4 ± 4 4 4 4 ± 4 4 4 4 4
32 4 ——4 4 4 - ——— —4 4 4 +,+ 4 + 4 4 —4 - 4 - 4J 4 4 4 4 ± + 4 4 4 4 £ 4 33
33 4 4 4 4 4 4 4 4 + 4 4 4 4 4 4 4 +1+ 4 4 4 4 4 4 4 4 4 4 4 ±i4
4- 4 —4 ± 4 4 4 ± £ E 5
34 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 +1+ + 4 ————- —- — +"- - - T —- - —— 49
35 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 —4 _ 4 4 I I ± ± 4 a 4 4|4j£ 4 5
36 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 +-I+ 4 4 4 4 4 4 4 4 4 4 4 4  4| - - 4 -1414 4 17
37 _ ——_ - _ 4 4 4 4 4 4 4 4 4- 4:4 4 4 + 4 4 4 4 4 4 4 4 4:4 41± '4 ± 7 5 7 4,4.4 4 £ 14
39 4 —4 4 - 4 4 4 4 4 4 4 4 4 + —+ 4 4 + 4 4 4 4 4 4 4 4 4 ——4 —4 -■4 4 4 - 4 — 24
39 4 4 4 4 4 4 —————_ —4 4- 4 + 4 4 ———
A-— - — ——4 4 4 4 —4 ~±i4l4- 4 ± 4B
40 4 4 4 + 4 4 + 4 4 4 4 4 + + + - + 4 4 + 4 ———- - + —4 i±E - - ——~ ——- —— 46
41 4 4 4 4 4 4 4 4 4 4 4 4 4 4 + 4 + 4 4 + 4 4 4 4 4 4 — E 4 4 4 4 4 —4 - 4 — 19
42 4 4 4 4 4 4 4 ——————4 + 4 + 4 4 + 4 4 4 4 4 4 4 4 —4 I 4 4 ± 4 ± 4 4 —4 — 24
43 —- ———4 4 4 4 4 4 4 4 - - - - _ —- 4 4 4 4 4 4 4 4 4 L±4 E —_ —_ ——_ —_ — 59
44 4 4 4 4 4 4 4 4 4 4 4 4 4 4 + 4 + 4 4 + 4 4 4 4 4 4 4 4 4 4 4 4 L±_4a ± 4 —4 4 4 ± 2
45 4 4 4 4 4 4 4 4 4 4 4 4 4 4 + 4 + 4 4 + 4 4 4 4 4 4 4 4 4 4 4 4.4 |ZE - —- h — 21
46 4 4 4 4 4 4 4 4 4 4 4 £ 4 4 + _ + 4 4 + 4 _ 4 _ 4 4 4 4 4 4 _ 1—1- E 1- bt T 4 —7 — 26
47 - —4 ——4 ———- ———4 1+ 4 s 4 4 4 ——t ————————4 + ± 4 4 ± 4 4 4 ± 4 52
49 ——4 —4 4 7 ————4 ± i±E 4 + :+ ± 4 4 4 E 4 4 ± 4 ± ± 4 4 ;± 4 ± 4 ± 4 4 _44 4 £ 19
49 ——————I 4 4 4 ± ± ±
1 — 1 ——± 4 4 4 4 4 4 —4 —4 ± ± 4 ± ± 4 ± 7 4 4 31
SO - —4 ——4 - ■_—— — 4 E —H 3 E —4 ± 4 4 4 4 4 ± ± 4 4 4 4 4 4 4 4 4 4 4 4 4 43
SI ± £ ± £ ± 4 —- — — 1=E E 4 E 4 ± L± —± —4._4 4 _4 _4± ± 4 ± _4± 4 4 33
92 - - - - - —£ £ ± 4 4 £ 4. 4 ;±3 4 4 ± _4 4._4± +_4 ± 4 4 4 4 ± j4 4 4 4 4 4 4 4 4 20
S3 4 4 4 £ £ ± - - — — >- T I 4 4|4 4.± — —± ± 4 4 ± 4 4 4 4 4 4 4 4 4 ± 4 4 £ 25
54 4 4 4 £ 4 4 4 4 —4 4 4 4 4 4-j- 4J4 4 4 ±_±_± ± ± 4 ± 4 ± 414]4 + ± 4 ± ± 4 4.± £ £ 5
35 •f ± 4 4.± 4. £ ± 4 ± ± ——£ •9*± 4,4 _+ 4 - - —- —— l̂i—-] 4 - - - —- —- —— 52
56 —- - _ - -■ 4 £ 4. 4!4 ± 4 _+± ± 4. ±_± _±±_4,a 4 4 4 4 4 4 ± 4 4 + 4 31
57 - - - 4 4 4 - - - - £ £ 4 £ ± 4 4_± -E-l± ± 4 4 ± ± ± ± 4 £ 52
58 4 - 4 4 4 4 ± ± 4 4 ± 4 4 z =1 —- — — =: - - ——-- — - - i r
59 ± 4 4 4 EE± I £ 4 ± ± 4 £ ± ± 4 _4 4 4 ± _4± 4 ± — ——————± ± ± ± ± 4 ± 4 .4 4 — 24
99 4 4 4 4 +_£ £ ± £ *4 4 4 £ 4 4 ± 4 4 4 4 4 4 ± ± ± 4 ± 4 ± 4 ± - — - - - - - — 26
91 4 4 4 4. 4 £ 4. —± 4 4 _ _ 4 £ 4 ± 4 4 4 _ —_ ——n _ —_ _ ± 4 - ■+—— ——— 54
62 4 4 4 4 4 ± £ 4 — t 4 £ ± ± ± —4 4 ± 4 _4± 4 4 4 2: 4 4 4 - ± —± ± ± 4 4 4 - 4 - 19
93 4 4 4 4 4 4 4 4 4 £ 4 4 ±_ ±_ —± 4 4 ——. + 4 4 4 it 4 4 j+ 4 4 4 ± ± 4 4 4 4 4 4 4 4 11
94 4 ± 4 4 4 4 4 ± 4 4 ± 4 £ - 4 IT - -- ± ± 4 4 4 4 4 _4± 4 4 - ± —4_± 4 4 4 _4± £ 19
95 - - —4 4 ± Z - - =11—4 4 — 4 4 ——- —- ——- —- —- — ———- ——- - - 81
_ _ £ - - 4 7 4 via = e 4 ± 4 £ ± i i ± l ± ± ± ± ± ± ± 4 ± ± ± ■da± 4 £ J L
A B D O M E N
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during grow th  of th e  im aginal d isc either b y  som atic crossing-over or chrom osom e 
loss. In  con trast, yellow  m osaics ab ove th e  m inim um  averaged  35%  of their im aginal 
discs m u tan t w ith  a rapid decrease in  th e  frequency h istogram  below  15%  (Fig. 2). 
There w as on ly  1 fly  w ith  th e  m inim um  of 1 m utant im aginal d isc (No. 44, T able II), 
2 flies w ith  1.5, and 3 flies w ith  th e  eq u ivalen t of 2 m utant im aginal discs. This paper 
deals on ly  w ith  th e cleavage m osaics and  on ly  those are reported; however, th e detec­
tion  of flies w ith  as few  as one yellow  bristle is convincing evidence th a t th e decrease 
in  frequency of cleavage m osaics below  15%  (Fig. 2) is n ot due to  bias in detection.
Of th e 66 yellow  m osaic Iq fem ales recorded in T able II , 55 were fertile when  
crossed to  their brothers w ith  a “w in scy ” X -chrom osom e. Their F 2 fem ale progeny  
th a t were h eterozygous for th e  treated  X -chrom osom e and "w in scy” were then  
scored for th e yellow  p henotype as a m easure of w hether th e germ  line was m utant, 
m osaic, or n onm utant. T he resu lts of th is  progeny te s t  along w ith  th e  scoring of each
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Fig . 2.  F re q u e n cy  d is tr ib u tio n  of m osaic fem ales classified b y  p e rce n t of m u ta n t  tissue. Cross- 
h a tc h e d  re p re se n ts  a  freq u en cy  d is tr ib u tio n  of o b se rv ed  d a ta . Solid line  rep re sen ts  th eo re tica l 
ca lcu la tio n s o n  th e  a ssu m p tio n  t h a t  th e  p ro b a b ili ty  of m u ta tio n  a t  each  re p lica tio n  (f i) is as 
follow s. F ig . K \ fi — 0 . 2 9 ,  y 2 — 1 7 9 ,  P  <  0 . 0 0 1 ; F ig . B : / i  — 0 .9 3 ,  y 2 =  5 ■ io 3, P  <  0 . 0 0 1 .  Fig. C 
is th e  w e ig h ted  m ean  be tw een  th e  th e o re tic a l d is tr ib u tio n  in F ig . A a n d  F ig. B : y 2 — 52, P  <  0 . 0 0 1 ; 
F ig . D : /j. — 0 . 3 8 ,  y 2 =  8 .3 ,  P  =  0 .4 8 .
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im aginal d isc of th e Fx yellow  m osaic are show n in T able II. T he percentage of 
m utant yellow  w as determ ined  to  be 35%  counting a m ixed  im aginal d isc as one half.
O bservation  of T able II  show s agreem ent w ith  sim ilar tab les ( P a t t e r s o n  a n d  
S t o n e 21 an d  L e e  et a l.u ) pub lished  on chrom osom e m osaics in  th a t there is no sy ste ­
m atic orientation  of le ft-r ig h t or anterior-posterior, but w ith in  each m osaic fem ale  
there is a grouping of m utant tissue, as w ould  be exp ected  w ith  m ixing in a v iscous  
m edium . T his grouping g ives significant differences from  random ness w hen adjacent 
areas are com pared.
Independence o f  germ line from  im aginal disc in  head and thorax'. In scoring a 
previous experim ent (L e e  et a i d 1) for X -ray  induced  m osaics th a t had  lost all or part 
of th e Y -chrom osom es m arked w ith  th e dom inant allele of yellow , it was found th a t  
am ong m osaics, p henotype of head  and thorax  w as independent of th e  gen otype of 
th e germ  line. Therefore, we can stu d y  2 independent sam ples from  th e  sam e em bryo. 
T his independence enables us to  select a population  of know n m osaics on th e basis of 
m osaicism  in th e  head  and thorax, and then  w ith  th e  in dependent sam ple to  deter­
m ine th e d istrib ution  of m utant, nonm utant and m osaic tissu e in th e  germ  line. In ­
dependence of th e germ  lin e is essentia l for th e  selection  of th e  population  of m osaics; 
therefore, to  check  our previous finding w e used  th e population  of 46 E M S-induced  
fertile m osaics for yellow  w ith  12 or m ore progeny (Table II).
A  series of y f  tests  for independence w as m ade betw een  th e com position  of th e  
germ  line as a ll-m utant, m osaic or all-nonm utant and a series of easily  scored dorsal 
im aginal discs positioned  in linear order. T he resu lts of these y f  tests  for th e EM S  
induced  p o in t m u tations are show n in T able III  and for com parison w e h ave included
T A B L E  I LI
y -  TEST COR IN D EPENDENC E BETWEEN GERM LINE COMPOSITION AND IMAGINAL DISC (BOTH LEFT AND RIGHT) 
BASED ON 3-BY-3  CONTINGENCY TABLES
M utagen Im a g in a l discs
V x  a W M D S2 d s 3 D S 4 d s 5 D S6 D S y
EMS yf 5-9 3-6 5-4 18.2 16 .3 7-4 14-5 14 .6 1 8 .5p b 0 .2 0 .4 o -3 0 .0 0 1 0 . 0 0 3 0 .1 0 . 0 0 6 0 . 0 0 6 0.001
X -ra y c yf 6 . 0 3.8 1 .9 3-2 14 .4 7-7 1 3 .2 9 .1 13 .2P b 0 .2 0 .4 0 .7 0 .5 0 . 0 0 6 0 .1 0 .0 1 0 . 0 6 0.01
a Sym bols a re  d escribed  u n d e r  T ab le  I t ,  a n d  th e  loca tio n  is show n in  F ig . 1. 
11 4 degrees of freedom . 
c F ro m  prev ious e x p e rim e n ts ; L e e  ct a t.1'.
th e  resu lts from  a previous exp erim en t14 in w hich X -ray  induced  chrom osom al aber­
rations were used . There w as a bias in th e  y f  te st  ow ing to  d iscon tinu ity , because th e  
num bers in  som e classes w ere sm all and ten d ed  to  m ake us observe too  m an y  
significant differences; however, even  w ith  th is bias there w as no significant difference 
for th e  ver tex  (the portion of th e  eye im aginal disc th a t can be scored for yellow ), 
w ing, and  m esonotum  im aginal discs. Therefore, w e concluded th a t th e  germ  line  
represents an independent sam ple from  m osaics se lected  on th e  basis of th e p henotype  
in  th e  head an d  thorax.
Proportion o f  mutant cleavage n uc le i: W e will use th e  inform ation of independ­
ence b etw een  head  or thorax and  germ  line determ ined from  our m utations a t th e  
yellow  locus and ap p ly  th is in form ation  to  th e  m utations d etected  at th e white  locus.
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A m ong 106 fem ales p hen otyp ica lly  m osaic in th e  eye due to  m u tation  a t th e  white 
locus (Table I), 71 produced 12 or m ore F2 fem ales h eterozygous for th e treated  
chrom osom es. These 71 fem ales com prised a population  of know n fertile m osaics 
w hose basis of selection  w as independent of germ  lin e com position. A m ong the 71 
fem ales, n  were com p letely  m utant, 7 were m osaic, and 53 were com p letely  non­
m utant in th e germ  line. If th e m utant cleavage nuclei represent 50%  of cleavage  
nuclei at th e tim e th e  germ  lin e was differentiated  (following th e 8 th  cleavage d iv i­
sion), there w ould  be an equal num ber of fem ales w ith  com p letely  m u tan t germ  line 
as well as w ith  com pletely  nonm utant germ  lines. This is va lid  regardless of th e num ­
ber of cleavage nuclei th a t com prise th e  sam ple th a t m ake up th e germ  line. W ith  a 
ratio of 11:53  th is is clearly n ot th e  case (P  <  0.001). To place a q u an tita tive  value 
on th e  frequency of m utant cleavage nuclei a t th e end of th e 8th  cleavage division  
(the pole cells are differentiated  during the gth  cleavage d ivision), w e let p  equal 
th e  relative frequency of m utant cleavage nuclei am ong m osaic em bryos, and then  
expressed th e  relative frequency of m osaic em bryos th a t produced th e  following: 
all-m utant germ  lines as p n, a ll-nonm utant germ  lines as { i —p ) n, and m osaic germ  
lines as th e rem ainder. A com puter program  w as then  w ritten  to  com pare b y  m eans 
of th e y f  te st th e exp ected  num ber of fem ales in th e 3 classes (com pletely  m utant, 
m osaic, com p letely  nonm utant) w ith  th e observed num ber of fem ales in each class 
for various va lu es of p  and n. To te s t  th e generality  of our va lu es of p  and n w e have  
used this m ethod  of analysis th a t w e developed  for th e  white  locus to  an alyze data  
collected  b y  stu d en ts of Dr. E l o f  C a r l s o n  (S o u t h i n 24, C o r w i n 7, and J e n k i n s 12) 
w ith  th e d u m py  locus. As seen in T able IV  th e best-fit va lu es (least yf)  for n  are less
T A B L E  IV
ESTIMATION OE p  (RELATIVE FREQUENCY OF MUTANT CLEAVAGE NUCLEI) AND M (EMPIRICAL CONSTANT) BY LEAST
y f  METHOD FOR MOSAIC F , FEMALES
E xperim en ter Locus M utagen Observed germ line frequencies N um ber Least y f
Complete M osaic  Complete p  n
m utan t nom m itan l
L e e w EM S 0.15 0.10 0-75 71 0.21 1.2
C o r w i n 7 dp N M U R 0.07 0.17 0.76 92 0.17 i -5
S o u t h i n 24 dp IC R -170 O . I I 0.12 0.77 U 3 0.19 i -3
J e n k i n s 1211 dp EM S 0.19 O.05 0.76 230 0.22 1.1
pti i  — p n — qn qn
a P erso n a l co m m u n ica tio n s a n d  ref. 12.
than 2 for all 4 experim ents. T hese va lu es of n  com pare favorab ly  w ith  th e  va lu e of 
1.5 w e ob ta in ed  in our earlier exp erim en t14 where p  was estim ated  from  th e percentage  
of th e yellow  p henotype on th e  a d u lt’s body. This va lu e of n  is less th an  th e  num ber 
of nuclei th a t m igrate to  th e  pole region follow ing th e 8th  cleavage d ivision  (S o n n e n - 
b l i c k 23). This d iscrepancy was in terpreted  as being due to  th e  n uclei n ot being ran­
dom ly  m ixed , but in stead  grouped in large clusters of gen etica lly  sim ilar nuclei. 
Therefore n  becom es an em pirical con stant for th is  species, w ith  th e  excep tion  that  
lim itin g  th e  reproductive cap acity  of th e fem ale w ould  g ive further reduction in the  
value of n, because of th e low er probability  of d etectin g  m osaics.
T he b est-fit va lu es (least yf)  for p  as shown in T able IV  show  a significant 
disagreem ent w ith  b oth  our first h yp oth esis th a t m osaics should  be 50%  m utant nuclei
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and our second  hypothesis th a t m osaics should  have a low  valu e of about 14%  as 
observed in phage (G r e e n  a n d  K r i e g 10).
A n a ly s is  o f  the distribution o f  yellow mutant tissue-. An alternate m ethod  of 
analysis is to  determ ine th e percentage of m utant im aginal discs on each m osaic  
yellow  fem ale as shown in th e la st colum n of T able II. The percentage of m u tan t  
im aginal discs should  be a good estim ate of th e percentage of m u tan t nuclei a t th e  
end of cleavage, for em bryological stud ies h ave shown th a t th e  surface of th e insect 
is derived  from  large and well d istributed  sam ples of th e original cleavage nuclei, 
and th e  sam ples for th e 42 im aginal d iscs are w ell d istributed  over th e  surface of th e  
em bryo (S o n n e n b l i c k 23). T o analyze these d ata  (Table II) and com pare them  quan­
t ita tiv e ly  w ith  th e results obtained  w ith  phage (G r e e n  a n d  K r i e g 10), a m odel was 
constructed  b y  Mr. S e g a  based on th e  h ypothesis th a t an alk ylated  base w ould  have  
a fixed  p robability , fx, of m ispairing and th u s causing a fixed  m utation  in one strand  
of th e  D N A  m olecule in any replication. The relative frequency of m utant cleavage  
nuclei am ong m osaic em bryos, or for phage, th e ratio of m utant clone size to  the  
burst size (M /B) (ref. 10) w as expressed  as p ,  and th e  probability  function  for the  
various relative frequencies of p  w as expressed as l'(p). T he average relative frequen­
cy  of m utant cells in a population  of m osaics (p) was g iven  b y  E q uation  1.
A fter 8 cleavage d ivisions in th e D rosophila em bryo th e  germ  line is sam pled and th e  
fraction of m utant tissue th a t can result after the 8th  cleavage d ivision  is (0.5)8 
or 0.4%  w hich is less than  th e resolution of scoring m osaics w ith  48 regions to score. 
Therefore, we built our m odel on th e  assum ption  th a t after 8 cleavage d ivisions a 
m osaic w ould  probably n ot be detected . For th e  case of 8 replications E q uation  1 
m ay be w ritten  in term s of fx as show n in E quation  2.
A  program  for th e  IBM  1420 w as w ritten  to  m ake th is sum m ation  for 8 cleavage  
divisions. T he program  was constructed  to  produce a frequency histogram  for any  
assigned valu e of [x.
In th e  single-burst experim ents of G r e e n  a n d  K r i e g 10 th e ratio of th e m ean  
m u tan t clone size to  th e m ean to ta l burst size (M /B) w as 0.148 and 0.137. U sing 0.14  
as p  we calcu lated  th e  average probability  of m isreplication (/x) a t each d ivision  as 0.29. 
In Fig. 2a th e exp ected  d istribution  on  th e basis of (x =  0.29 is shown in th e solid  
line, whereas th e observed histogram  of th e  51 fem ales th a t gave 50%  or less m utant 
tissu e is show n in th e cross-hatched. This m odel w ould  exp lain  on ly  flies of 50%  
m osaicism  or less. An alternate m echanism  had to  be used  for m osaic flies ab ove 50%  ; 
therefore, in com paring th e observed to  th e  expected , on ly  th e 51 flies w ith  50%  or 
less m osaic tissu e were used. A  y f  te s t  of th e observed  d istribution  w ith  th e  exp ected  
in  F ig. 2a g ave  a y f  value of 179 w ith  P  <  0.001. The alternate h yp oth esis th a t th e  
m utant w ould  nearly a lw ays occur in th e  1st or occasionally  th e 2nd cleavage d ivision  
w ith  [x =  0 .93 w as tested  and shown in Fig. 2b. This also g ives a h igh ly  significant differ­
ence from  th e exp ected , w ith y f  — 5 • i o 3 (P  <  0.001). One possible exp lan ation  for the  
percentage of m osaicism  interm ediate betw een  these 2 hypotheses is th a t a com bina­
tion  of th e  2 occurs. Therefore, a com bined  test of th e 2 previous m odels th a t w ould
p  =  £  p-V{p)
V
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g ive a frequency of yellow , observed  am ong th e  51 flies, of 0 .28 is show n tested  in 
Fig. 2c. This also gave a significant departure from  th e exp ected  (%2 =  52, P  <  0.001); 
therefore, neither hypothesis nor a com bination  of th e tw o  w ill exp lain  th e observed  
results. T he com puter w as then  allow ed to  cycle from / jl  =  0.02 to  0.99 w ith  incre­
m ents of n  — 0.01 and each valu e w as tested  b y  th e  / -  test. A  m inim um  / 2 va lu e was 
obtained  for y, — 0 .58 (Fig. 2d) w ith  values of /,(from  0 .4 9 -0 .6 6  as th e  95%  confidence  
lim its. A p lo t of all th e  va lu es as a  function  of /i  show s on ly  one m inim um . A ddition  
of th e m osaics w ith  s ligh tly  greater than 50%  on ly  increased our estim ate of /1 from  
0.58 to  0.63 and  had no significant effect on th e te s t  of an y  hypothesis.
54 F t yellow  m osaic m ales and 42 gynandrom orphs were also found in this 
experim ent and were recorded in th e sam e w ay  as th e  yellow  m osaic Ft fem ales shown  
in  T able III. T he average percent of yellow  m utant tissu e in  th e Iq m osaic m ales was 
41%  and in th e  gynandrom orphs 31% . From  another experim ent (B is h o p  a n d  L e e 3) 
it  w as shown th a t approx. 40%  of th e  F x yellow  m osaics due to  th e  loss of th e  Y - 
chrom osom e were chrom osom e aberrations in vo lv in g  m ore than  one locus, and pos­
sib ly  all of th e  gynandrom orphs represent chrom osom e aberration. Since yellow  
m osaics resulting from  chrom osom e aberrations have been p reviously  recorded as we 
have recorded our poin t m utations in T able II ( P a t t e r s o n  a n d  S t o n e 21, L e e  et a l.u ), 
we will not report our F x m ale m osaics or gynandrom orphs in detail.
DISCUSSION
The analysis of m osaics is p o ten tia lly  subject to  intercellular selection  at 2 
levels. T he first is se lection  again st in viab le m utations th a t  w ould  n ot be d etected  
as v isib le m utations (our independent variable) and therefore are not included  in the  
analysis. Second is intercellular se lection  w ithin  th e  germ  line (our dependent variable). 
B ecause it w as recognized at th e  start of th e  experim ent th a t intercellular selection  
w ith in  th e germ  lin e w ould  bias downw ard th e  estim ate of m utant nuclei during  
cleavage, special precautions were taken  to  m inim ize it. T h e chrom osom e selected  
for th e specific locus te s t  was m aintained  in a hom ozygous stock  and was v iable  
opposite deletions for th e  yellow  region and th e  w h ite  region. N on-occurrence of 
intercellular se lection  w ith in  th e heterozygous germ  line is evidenced  b y  th e  fact 
th a t am ong 61 m osaic germ  lin es for d um py observed  b y  J e n k i n s 12 th e  m ean  fre­
q uency of m utant progeny w as 50%  but w ith  a large variance. This is con sistent 
w ith  th e  observation  (L e e  et a l.u ) th a t th e  germ  line consists of a sm all sam ple of 
nuclei th a t are n ot random ly m ixed  but, instead , consist of large groups of either  
m utant or n onm utant nuclei. M osaic germ  lines represent cases where th e sam ple for 
th e  germ  line cam e from  along th e border betw een  m u tan t and nonm utant nuclei. 
Sam pling along a border w here th e size of th e sam ple is sm all in relation to  th e  area  
of b oth  tissues should  g ive  a m ean of 50%  regardless of th e  percentage o f m u tan t to  
nonm utant nuclei. There sh ould  also be a  large variance g iv in g  a  fla t-topp ed  d istri­
bution  as actu a lly  shown in J e n k i n s ’ graph12. If there w ere a n y  selection in th e  germ  
line, or am ong th e progeny, th is  d istribution  w ould  be sloped accordingly and th e  
m ean w ould be less than  50%  m utant progeny am ong progenies of in d iv idu als w ith  
m osaic germ  lines. T his is ev id en tly  n ot th e case for th e  d um py m utations. S ince the • 
d u m py  locus contains several leth al m utational sites w ith in  it, one w ould exp ect m ore 
selection  against d um py than  for th e  yellow  or w hite m utants. Therefore we assum e
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no intercellular se lection  w ith in  th e germ  line once it  has been  differentiated at 
th e end of th e  8 th  cleavage d ivision; furtherm ore, w e assum e no selection  on point  
m utations during synchronous cleavage in th e  egg syn cytiu m , for m R N A  is n ot even  
being produced a t th a t tim e in th e insect em bryo ( L o c k s h i n 18). T he inertness of 
the genes during cleavage is illustrated  b y  th e  fact th a t aneuploids from  trip loid  
fem ales develop  n orm ally through cleavage and die during b lastula form ation or 
later as show n b y  V o n  B o r s t e l 27. T he above argum ent applies on ly  to  th e  m ethod  
of analysis using th e  germ  lin e ; how ever, there is clearly no selection  in th e  som atic  
yellow  p h en otyp e relative to  th e  germ  line d ata , for th e percent of m u tan t yellow  is 
actu a lly  higher, although  n ot sign ificantly  higher, than  th e  germ  line d ata  w hen th e  
num ber of yellow  m u tan ts are considered. Therefore, w e accept th e  observation  th a t  
th e  m u tan t tissu e in m osaics is less than  50%  because of reasons other th an  in ter­
cellular selection.
EM S is know n to  produce som e translocations ( H o t c h k is s  a n d  L i m 11 and  
A b r a h a m s o n  et a l.1) and chrom osom e aberrations or losses as shown b y  th e  observa­
tion  of gynandrom orphs and losses of dom inant m arkers on the Y -chrom osom e as 
foun d  in th is experim ent. H ow ever, all of th e  m osaics a t b oth  th e yellow  and white 
loci th a t tran sm itted  m u tan t progeny were upon gen etic test found to  be intragenic. 
A fu ll description of th is  gen etic  analysis w ill be found in a m anuscript now  in prepa­
ration  (B is h o p  a n d  L e e 3). In brief each m u tan t w as tested  op posite deletions th a t  
covered n ot on ly  the m u tan t b ut also know n leth al sites on either side or, in  th e case 
of yellow , ach aete to  th e  right of yellow . In  no case d id  one of these m utants affect 
either ad jacent functional site  when tested  opposite th e  deletion. Therefore, th e  
m utant itse lf w as lim ited  to  th e  functional region of th e white  or yellow  locus and was 
considered intragenic. C onsequently, th e  group of m utants se lected  for analysis— our 
independent variable— represents intragenic m utations th a t occurred in m ixed  cell 
lineages producing m osaics. W e interpret our estim ation  th a t th e relative frequency  
of m utant cleavage nuclei am ong m osaic em bryos (p) is about one-fourth (Table IV) 
as ap ply ing  on ly  to  intragen ic m utations.
T he estim ate of m u tan t tissu e in m osaics as being sign ificantly  less than  50%  
(Fig. 2b and T able IV) and th e  in ab ility  of intercellular selection  to  account for th is  
led  to  th e rejection  of th e  first hypothesis th a t m osaics are th e result of altering one 
strand  of a double-stranded D N A  m olecule in  th e  sperm  cell if th e gen etic inform ation  
of an y  one locus is represented  b y  on ly  one D N A  m olecule. T he p ossib ility  of a de­
layed  m utation  ex ists w hen a base in th e D N A  m olecule— m ost probably guanine  
( B r o o k e s  a n d  L a w l e y 1)— is alk ylated  and produces a sh ift in th e  electron charge 
so as to  increase th e prob ability  of a transition. A transition  w ith  a probability  as low  
as th a t ob served  b y  G r e e n  a n d  K r i e g 10 in  virus g ives a significantly lower p  than  
th a t which w e observed  (Table IV). H ow ever, our observed  valu es of p  m ay  be b iased  
upw ard if there is  a p opu lation  in w hich p  varies considerably am ong individuals, for 
in d iv idu als w ith  a h igh frequency of m utant tissu e w ould  h ave a higher probability  
of producing a m osaic p h en otyp e for w h ite  or dum py. T his bias w ould  n ot ap ply  to  
th e  yellow  m osaics for w e should  h ave d etected  all yellow  m osaics for va lu es con­
siderably  low er than  14% ; therefore, if th is  b ias is significant, our estim ate of p  from  
th e  yellow  m osaics should  be low er than our estim ate in T able IV , whereas in fact 
it  is higher, although n ot sign ificantly  higher. Furtherm ore, th e  d istribution  (Fig. 2a) 
of th e  yellow  m osaics is sign ificantly  different from th e  exp ected , if p  is  as low  as
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observed  in th e phage exp erim en ts10. A  com bination  of our tw o h ypotheses so as to  
g ive a va lu e of p  equal to  w hat was observed, g ives a d istribution  of yellow  am ong  
th e  yellow  m u tan ts th a t is sign ifican tly  different from  th a t w hich was observed  
(Fig. 2c). Therefore, b oth  of our in itia l m odels and a com bination of th e tw o are 
rejected.
B y  allow ing th e com puter to  cycle u n til it  arrived at a solution  th a t best fits 
th e  observed  data, a m odel was produced in which an a lk y la ted  base w ould  h ave about 
a 50%  chance of producing a transition  a t each replication . T his g ives results that 
are con sisten t w ith  th e  observed  (Fig. 2d) b oth  in regards to  th e  average frequency of 
p ,  28%  vs. an observed  31% , and a satisfactory  fit to  th e d istribution of th e  yellow  
m utant. W hile th is is n ot con sistent w ith  th e  d ata  observed  in virus (G r e e n  a n d  
K r i e g 10), w e know  of no com pelling reason to  reject th is as a possible explanation  for 
d elayed  m u tations induced  in th e  eukaryote chrom osom e.
An alternate exp lan ation  for a p  va lu e of 25%  th a t is consistent w ith  a con­
siderable b ody of cyto log ica l observations (see W o l f f 28 for a  review) is to  accept a 
m ultistrandecl theory for th e  gam ete chrom osom es in w hich each chrom osom e would  
consist of 2 parallel D N A  double-stranded m olecules each containing identical 
gen etic  in form ation  for a locus. T he 2 double-stranded D N A  m olecules m ay  be held  
together b y  in tercalation  of 2 double helices as shown b y X -ray  diffraction patterns  
for purified D N A  a t 92%  relative h u m id ity  (W u30). H ow ever, we do not know w hat 
effect protein  has on th e  secondary structure of D N A  in th e eukaryote chrom osom e, 
and 2 double helices cou ld  also b e h eld  together side b y  side b y  secondary protein  
structure. T he eu karyote chrom osom e could  be replicated sem iconservatively  and  
show  other characteristics of a single D N A  m olecule w hile consisting of 2 D N A  
m olecules, either due to  intercalation  of the 2 D N A  m olecules30 or to  the protein struc­
ture. H ow ever, a t a certain  tim e in th e life cycle or under unusual conditions the  
chrom osom e could appear m ultistranded for if th e m ultistranded m odel is correct, 
from  our analysis there is a sorting out of m utant from n onm utant strands during 
cleavage. T he p rob ability  of a m utation  being transm itted  depends upon th e proba­
b ility  of m utant cells being incorporated in th e germ line in a 25%  m osaic. Perhaps 
replication of D N A  betw een  fertilization  and first cleavage is suspended as in the  
case of th e  first m itotic  d ivision  follow ing m eiosis in Chlamydomonas rcinhatdi  
(S u e o k a  et a l .2i). Tw o replications follow ing 1st cleavage w ould g ive  1 m utant to  3 
nonm utant nuclei at 2n d  cleavage for each altered D N A  strand in th e gam etic  
chrom osom e.
This experim ent does n ot d istinguish  betw een delayed  m utation  from a single­
stranded gam etic chrom osom e or th e m ultistranded gam etic chrom osom e, since the  
m utational d ata  can be fit to  either theory. H ow ever, the m ultistranded theory does 
h ave th e ad van tage of explain ing th e  production of isochrom osom es in sperm atids, 
as recen tly  shown b y  S o b e l s 22, and th e production of chrom atid  aberrations in 
d elayed  Gt hum an lym p h ocytes in th e absence of either D N A  or protein syn th esis  
(W o l f f 20). Furtherm ore, in a previous stu d y  of m utations induced b y  transm utation  
of 32P  to  32S in D N A  of stored D rosophila sperm atozoa, m ore sex-linked recessive  
leth al m u tations were found in th e F 3 than  in th e conventional F2 test (L e e  ct a l.u ). 
This transm utation  experim ent and th e low  value of 11 (n ^  1.5) now confirm ed by  
data from  several different in vestigators (Table IV) im ply  th a t p  could n ot equal 
50%  and is probably 25%  or less. E xp la in in g  th e delayed  fixation  of m utations
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induced b y  tran sm u tation  of 32P  to  32S in D rosophila sperm atozoa is easier w ith  a 
m ultistranded  m odel.
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